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INTRODUCTION 
This Annual Report i s  the  n i n t h  of a series desc r ib ing  the  re- 
s u l t s  of research  by the  U.S. Geological  Survey on behalf  of the  
Nat iona l  Aeronautics and Space Adminis t ra t ion under c o n t r a c t s  R-66; 
W-12,650; W-12,388; T-66353G; T-75412; R-09-020-041; WO-5171; and 
WO-3027 ( i n  pa r t ) .  The r e p o r t  was prepared by the  Branch of As- 
t rogeologic  S tud ie s  and o t h e r s  who have done work f o r  t h i s  branch. 
This  one volume summarizes r e s u l t s  of r e sea rch  c a r r i e d  out  between 
October 1, 1967 and October 1, 1968. 
Long-range ob jec t ives  of the a s t rogeo log ic  s t u d i e s  program 
are t o  determine and map the  s t r a t i g r a p h y  and s t r u c t u r e  of the 
c r u s t  of the  Moon and o t h e r  p l a n e t s ,  t o  determine the  sequence of 
events  t h a t  led t o  the  p re sen t  cond i t ion  of the  su r faces  of t he  
p l a n e t s ,  and t o  desc r ibe  how these  events  took place.  Work cur-  
r e n t l y  leading toward these  ob jec t ives  includes:  (1) A program 
of lunar  geologic  mapping from both t e l e s c o p i c  and spacec ra f t  
photographs supported by photometric s t u d i e s ;  (2) f i e l d  s t u d i e s  
of n a t u r a l  s t r u c t u r e s  of impact and volcanic  o r i g i n ,  and of cra- 
ters produced by missile impact and explos ive  devices;  ( 3 )  labo- 
r a t o r y  s t u d i e s  of the  behavior of rocks and minerals  subjec ted  
t o  shock; ( 4 )  s tudy  of the  chemical, pe t rographic ,  and phys ica l  
p r o p e r t i e s  of meteor i tes  and cosmic d u s t  and development of spe- 
c i a  1 ized a n a l y t i c a l  technique s. 
P a r t  A ,  Lunar and P lane ta ry  Inves t iga t ions . - -The  f i r s t  p a r t  
of the  volume desc r ibes  th ree  programs: (1) lunar  geologic  map- 
ping,  inc luding  synopt ic  compilat ion of the  mapping r e s u l t s  a t  the  
1:5,000,000 scale, r eg iona l  mapping a t  a scale of 1:1,000,000, 
Apollo s i t e  mapping a t  the 1:100,000, 1:25,000, and 1:5,000 scales, 
and Ranger geologic  mapping a t  a v a r i e t y  of scales; (2) lunar  and 
p l ane ta ry  phys ics ,  inc luding  lunar  photometry and polar imet ry ,  
i n f r a r e d  s t u d i e s  of the  Moon and p l a n e t s ,  research  and development 
i n  a p p l i c a t i o n  of s p a t i a l - f  i l t e r i n g  techniques t o  as t ronomical  
imagery; and (3) lunar  engineer ing  geology, inc luding  lunar  
1 
t e r r a i n  a n a l y s i s  and t r a f f i c a b i l i t y ,  s p e c i a l  t r a f f i c a b i l i t y  s t u d i e s ,  
s l o p e - s t a b i l i t y  s t u d i e s ,  and estimates of p e n e t r a t i o n  r e s i s t a n c e  
and bear ing  capaci ty .  
P a r t  B,  Crater Invest igat ions.--The second p a r t  of t h e  volume 
r e p o r t s  progress  i n  f i e l d  and l abora to ry  s t u d i e s  of craters and 
r e l a t e d  phenomena. Natura l  impact s t r u c t u r e s  have been s tud ied  a t  
S i e r r a  Madera, Tex.; Gosses Blu f f ,  A u s t r a l i a ;  Flynn Creek, Tenn.; 
and Deca tu rv i l l e ,  Mo. Impact-metamorphosed rocks from several 
l a rge  impact s t r u c t u r e s  are being s tudied  i n  the  labora tory ,  and 
shock phases of s e l e c t e d  minerals  are a l s o  being s tudied .  F i e ld  
s t u d i e s  of vo lcanic  craters and r e l a t e d  phenomena include Lunar 
Crater, Nev. ; Fernandina ca lde ra ,  i n  the  Galapagos I s l a n d s ;  D i a -  
mond craters,  Bend, Oreg.; Moses Rock and Mule Ear d ia t remes ,  
Utah; San Francisco volcanic  f i e l d ,  Ariz. ; Nunivak, Alaska; Lava 
Beds Nat iona l  Monument, Cal i f .  , Mono Craters, Ca l i f .  ; and Ubehebe 
Crater, Ca l i f .  Manmade craters t h a t  are being s tudied  inc lude  
missile impact c r a t e r s ,  impact craters i n  sand and water, and 
craters made by chemical explosives .  
P a r t  C ,  Cosmic Chemistry and Petrology.--The t h i r d  p a r t  of 
the  volume includes r e p o r t s  on chemical i nves t iga t ions  emphasiz- 
ing minor element and rare e a r t h  abundances; atmospheric co l l ec -  
t i o n s  of d e b r i s  be l ieved  t o  have been der ived  from the  Revelstoke 
f i r e b a l l ;  experimental  and t h e o r e t i c a l  s t u d i e s  r e l a t e d  t o  meteor- 
i t e s ;  and d e s c r i p t i o n  of new f a c i l i t i e s .  
P a r t  D, Space F l i g h t  Invest igat ions.--The f o u r t h ,  and last ,  
p a r t  includes a summary of the  f i n a l  r e p o r t  on Surveyor televi- 
s i o n  i n v e s t i g a t i o n s ,  and d e s c r i p t i o n s  of proposals  made f o r  manned 
lunar  o r b i t a l  and unmanned Mars and J u p i t e r  missions. 
The fol lowing w e r e  publ ished dur ing  t h e  per iod October 1, 
1967 and October 1, 1968: 
A l t schu le r ,  Z. S. , Berman, S o l ,  and C u t t i t t a ,  Frank, 1967, R a r e  
e a r t h s  i n  phosphorites--geochemistry and p o t e n t i a l  recovery,  
- i n Geological  Survey Research 1967: U.S. Geol. Survey Prof.  
Paper 575-By p. Bl-B9. 
2 
Anderson, A. T. , and Greenland, L. P. , 1968, Phosphorus f r a c t i o n a -  
tion--A d i r e c t  measure of the amount of c r y s t a l l i z a t i o n  of 
b a s a l t i c  l i q u i d s  Cabs. ] : Am. Geophys. Union Trans. ,  v. 49 , 
no. 1, p. 352. 
Annel l ,  Char les ,  1967, Spectrographic  de te rmina t ion  of v o l a t i l e  
elements i n  s i l icate  and carbonates  of geologic  i n t e r e s t ,  
us ing  an  Argon D-C arc,  - i n Geological Survey Research 1967: 
U.S. Geol. Survey Prof .  Paper 575-Cy p. C132-Cl36. 
Batson, R. M. , 1967, Lunar mapping wi th  Surveyor t e l e v i s i o n  pic-  
t u r e s  [abs.  }: Am. As t ronau t i ca l  SOC. , Rocky Mountain Resources 
f o r  Aerospace S c i .  and Technology Symposium, Denver, 1967 , 
Proc. 
1967 , Surveyor spacecraft t e l e v i s i o n  photogrammetry: Photo- 
gramm. Eng. , v. 33, no. 12,  p. 1365-1372. 
1968, D i e  Kartographie des  Mondes m i t  Surveyor-Aufnahmen: 
Umschau i n  Wiss. und Technik, no. 13,  p. 411. 
Bre t t ,  P. R. , 1967, Neta l l ic  spheru les  i n  impact i te  and t e k t i t e  
g l a s s :  Am. Minera logis t ,  v. 52, p. 721-733. . 
Cannon, P. J. , 1968, Modif ica t ion  of lunar  craters: Compass, v. 
45, no. 2 ,  p. 128-134. 
Chao, E. C. T. , 1968, Pressure  and temperature h i s t o r i e s  of impact 
metamorphosed rocks--Based on pe t rographic  observat ions:  
Neues Jahrb.  Mineralogie Abh. , v. 103, no. 3 ,  p. 209-246. 
Chapman, D. R. ,  K e i l ,  Klaus, and Annell ,  Charles ,  1967, Comparison 
of Macedon and Darwin g l a s s :  Geochim. e t  Cosmochim. Acta, 
v. 31, no. 10, p. 1595-1604. 
C u t t i t t a ,  Frank, 1968, Slope r a t i o s  techniques and de termina t ions  
of trace elements by x-ray spectroscopy--A new approach t o  
mat r ix  problems: Appl. Spectroscopy, v. 22, no. 4 ,  p. 321- 
324. 
C u t t i t t a ,  Frank, and Rose, H. J. , Jr. , 1968, Micro X-ray f luo res -  
cence spectroscopy--Selected geochemical app l i ca t ions :  Appl. 
Spectroscopy, v. 22, no. 5 ,  p. 423-426. 
3 
Danes, Z. F. , 1968, I s o s t a t i c  processes  i n  media of v a r i a b l e  vis- 
cos i ty- -p t .  I, Car t e s i an  geometry: I c a r u s ,  v. 9 ,  no. 1, 
p. 1-7. 
1968, I s o s t a t i c  processes  i n  media of v a r i a b l e  v i scos i ty - -  
p t .  11, Spher i ca l  geometry: I c a r u s ,  v. 9 ,  no. 1, p. 8-11. 
1968, On slow thermal convect ion i n  a l a y e r  of f l u i d  of 
v a r i a b l e  v i s c o s i t y :  I ca rus ,  v. 9 ,  no. 1, p. 12-15. 
Dodge, F. C. W. , and Naeser, C. W. , 1968, F i s s ion - t r ack  ages of 
a p a t i t e s  from g r a n i t i c  rocks of t he  S i e r r a  Nevada b a t h o l i t h  
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S i e r r a  Madera: Science,  v. 162, no. 3850, p. 258-261. 
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PART A. LUNAR AND PMETARY INVESTIGATIONS 
Lunar Mapping 
During c o n t r a c t  year  1968, as i n  1967, the  lunar  mapping pro- 
gram concentrated on l a r g e  scale geologic  maps i n  support  of space 
f l i g h t  programs. 
ing  s i tes  w a s  mapped a t  two scales--1:100,000 and 1:25,000. Two 
maps of the  Ranger series were completed and submitted f o r  publ i -  
c a t i o n ,  and two o t h e r s  nea r ly  completed. I n  a d d i t i o n ,  t h r e e  l:l,- 
000,000-scale maps w e r e  publ ished,  two submitted f o r  pub l i ca t ion ,  
and new ve r s ions  prepared of 12 o t h e r s  ( 7  f o r  pub l i ca t ion ,  5 f o r  
pre l iminary  d i s t r i b u t i o n ) ,  
t i o n  w a s  nea r ly  completed. 
The geology of each of e i g h t  prime Apollo land- 
A 1:5,000,000-scale Ear ths ide  compila- 
Compilation a t  a scale of 1:5,000,000 (Cont rac t  R-66).--A 
geologic  map of the e q u a t o r i a l  be l t - -1a t  32" N.-32" S . ,  long 70" E.- 
70" W.--at a s c a l e  of 1:5,000,000 i s  being prepared f o r  publ ica-  
t i o n  by Don E. Wilhelms and John F. McCauley. The map w i l l  use  
the  ACIC or thographic  LEM-1 photographic mosaic as a base. The 
mapping work i s  e s s e n t i a l l y  completed, and the  explanatory t e x t  
i s  being wr i t t en .  
The p r i n c i p a l  r e s u l t  of t h i s  mapping and of concurrent  map- 
ping i n  the southern highlands a t  the  1:1,000,000 scale is  an  i m -  
proved understanding of probable vo lcan ic  materials i n  the  lunar  
terrae. S tud ie s  of Lunar O r b i t e r  I V  photographs show t h a t  materi- 
a ls  of probable volcanic  o r i g i n  are more ex tens ive  and va r i ed  i n  
the  terrae than had been recognized by t e l e scop ic  observat ions.  
P o s i t i v e  landforms of probable volcanic  o r i g i n  include small smooth 
c l u s t e r e d  domes and l a rge  rough convex domes. Probable volcanic  
craters include rimmed and rimless craters of i r r e g u l a r  o u t l i n e ,  
smooth-rimmed round craters, cha in  craters, i r r e g u l a r  r i n g s ,  and 
d i s t i n c t i v e  widened furrows. Many of these  were previous ly  con- 
s ide red  t o  be deformed, eroded,  o r  coa lescent  impact craters. The 
domes and craters descr ibed are commonly superposed on probable 
impact c r a t e r s ,  sugges t ing  t h a t  the  p re sen t  o v e r a l l  form of many 
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craters is  a hybrid produced by both impact and volcanism. 
though the  terrae materials are known t o  be gene ra l ly  o l d e r  than 
those of the maria on the  b a s i s  of several independent l i n e s  of 
Al- 
evidence,  many terra d e p o s i t s  b lanket  f a i r l y  young craters, sug- 
g e s t i n g  t h a t  vo lcanic  a c t i v i t y  is i n  p l aces  n e a r l y  as r e c e n t  as 
i n  the  maria. Terra domes are gene ra l ly  s t e e p e r  and h igher  than  
mare domes and most terra materials have h igher  albedo than  mare 
materials, sugges t ing  a compositional d i f f e rence .  
Mapping a t  a scale of 1:1,000,000 (Cont rac t  R-66).--During 
the  per iod October 1967 t o  October 1968, progress  w a s  made toward 
the  goa l  of publ i sh ing  1:1,000,000-scale geologic  maps of a l l  t he  
quadrangles of the  lunar  Ear ths ide  hemisphere ( t a b l e s  1-3) .  Three 
maps w e r e  publ ished (Theophilus,  Mare Vaporum, Ptolemaeus) of 
quadrangles i n  the  c e n t r a l  p a r t  of the  e q u a t o r i a l  b e l t  of 28 quad- 
r ang le s ;  maps of 16 of these  quadrangles have been publ ished s i n c e  
the  program began ( f i g .  1, t a b l e  1). Maps of two quadrangles 
(Sinus Iridum, J. Herschel)  ou t s ide  t h i s  b e l t  were completed and 
submitted f o r  publ ica t ion .  Semif ina l  ve r s ions  were prepared of 
seven maps being rev ised  f o r  pub l i ca t ion  ( f i g .  1, t a b l e  2).  Three 
of these  (Cass in i ,  Macrobius , Cleomedes) are f u r t h e r  r e v i s i o n s  of  
ve r s ions  prepared l a s t  yea r ;  four  (Tarunt ius ,  Mare Undarum, Colom- 
bo, Rupes A l t a i )  are the  f i r s t  complete ve r s ions  prepared s i n c e  
d r a f t e d  and reviewed o z a l i d  copies  were completed and d i s t r i b u t e d  
i n  1965. Pub l i ca t ion  of t hese  seven maps as w e l l  as the  o t h e r s  
l i s t e d  i n  t a b l e  2 i s  being expedi ted,  b u t  p u b l i c a t i o n  d a t e s  can- 
n o t  be pred ic ted  a t  the p re sen t  t i m e .  
Among the  uncolored o z a l i d  pre l iminary  maps no t  prev ious ly  
completed, t h r e e  maps of quadrangles i n  the  southern.  highlands 
(Hommel, Clavius  , S c h i l l e r )  w e r e  completed and are being rev ised  
f o r  p u b l i c a t i o n  ( t a b l e  2). Two (Wilhelm, Tycho) have been sub- 
mi t ted  f o r  review by the  au thors  ( t a b l e  3) .  One map of a quad- 
rangle  i n  the  southern  highlands (Schickard) and two of quadrangles 
i n  the  no r theas t  ( A r i s t o t e l e s ,  Geminus) are less advanced b u t  
should be f i n i s h e d  i n  pre l iminary  form be fo re  October 1969. These 
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[--I . . . . . .  . . . . . .  p\ . . . . . . . I  . . . . . .  . 
Published F i n a l  m i l l  Semifina 1 Reviewed and Unreviewed 
i n  co lo r  C O P Y  ve r s ion  d r a f t e d  author-  
pre l iminary  d r a f t e d  
ve r s ion  ve r s ion  
F igure  1.--Index map of Moon showing 1:1,000,000 maps a v a i l a b l e  f o r  
d i s t r i b u t i o n  as of December 1968. 
f l e c t s  progress ive  s t e p s  toward pub l i ca t ion  of mul t i co lo r  maps. 
Increas ing  d e n s i t y  of  p a t t e r n  re- 
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Table 1.--Maps a t  1:1,000,000 scale published o r  i n  p r e s s  a t  end 
of c o n t r a c t  y e a r  1968 ( a n t i c i p a t e d  p u b l i c a t i o n  d a t e s  i n  paren- 
Map 
Kepler 
Letronne 
Riphaeus M t s .  
T imoc ha r  is  
A r  i s t arc hus 
Montes Apenninus 
P i t a t u s  
Mare S e r e n i t a t i s  
Heve 1 i u s  
Mare Humorum 
J u l i u s  Caesar 
Copernicus 
Se leucus 
Theophilus 
Mare Vaporum 
P t o  lemaeus 
S inus  Iridum 
J. Herschel 
Author 
Hackman 
Mars ha 1 1 
Eggle ton  
Carr 
Moore 
Hackman 
Trask, T i t l e y  
Carr 
McC au l e y  
T i t l e y  
Morr i s ,  Wilhelms 
Schmi t t ,  Trask, 
Moore 
Mi l ton  
W i lhe  l m s  
Howard, Masursky 
Schaber 
U l r i c h  
Shoemaker 
Number 
1-355 
1-385 
1-45 8 
1-462 
I- 4 65 
1-463 
1-485 
1-489 
1-49 1 
1-495 
1-5 10 
1-5 15 
1-527 
1-546 
1-548 
1-5 66 
1-602 
I- 604 
P u b l i c a t  ion  
d a t e  
19 62 
19 63 
19 65 
19 65 
19 65 
19 66 
19 66 
19 66 
19 67 
19 67 
19 67 
19 67 
19 67 
19 68 
19 68 
19 68 
( 1969) 
( 1969) 
t h r e e  are the  l a s t  of t he  group of 44 quadrangles o r i g i n a l l y  as- 
s igned ,  and wi th  t h e i r  completion approximately one- t h i r d  of the  
Moon ( t o t a l ,  144 quadrangles) w i l l  be mapped a t  least  i n  pre l imin-  
a r y  form. 
Apollo s i te  mapping (Cont rac t  T-66353G).--Preliminary geolog- 
i c  maps of e i g h t  prime Apollo landing s i t e s  were completed i n  con- 
t ract  year  1968. A 1:100,000-scale map of t he  medium-resolution 
O r b i t e r  coverage and a 1:25,000-scale map of t he  landing e l l i p s e  
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Table 2. --Maps a t  1:1,000,000 scale previous ly  completed and d i s -  
t r i b u t e d  i n  pre l iminary  form and now be ing  rev ised  f o r  publ ica-  
t ion .  (Percentage completion cons iders  bo th  t h e  au tho r s  work 
and reviewing; f i g u r e s  f o r  some maps are the re fo re  lower than 
i n  previous 
work.) . 
Map 
Cass in i  
Macrob i u s  
Colombo 
Rupes A l t a i  
Tarunt  i u s  
C leomedes 
Mare Undarum 
P l a t o  
Mauro lycus 
Eud oxu s 
Pe t av ius  
G r  imald i 
Purbach 
Langrenus 
REmker 
C l a v i u s  
Fracas  t o r i u s  
Byrgius 
Rhe i ta 
S c h i 1  ler 
Homme 1 
Geports , where f i g u r e s -  r e f e r r e d  only  t o  au tho r ' s  
Author 
Page 
Percentage of revis ion  
completed: 
O c t .  1 Dec. 
90 90 
Pohn 80 80 
E Is t on  
Rowan 
W i l h e  lms 
70 
35 
45 
Binder 40 
Colton, Masursky 30 
M'Gonigle, 30 
Schle  i che r  
T i t l e y ,  Cozad 20 
Page 
Ho I m ,  Wilhe l m s  
McCauley 
Holt  
Cannon, Wilhelms, 
Eggle ton,  Smith 
Cummings 
Tabo# 
McCauleyk , Trask 
Stuart-Alexander 
Off i e l d  
Mutch, Saunders 
Ryan 
*Recent reassignment. 
30 
25 
25 
20 
25 
15 
0 
0 
10 
0 
0 
0 
70 
50 
45 
40 
40 
35 
35 
30 
30 
25 
25 
25 
20 
15 
10 
10 
5 
0 
0 
and i t s  immediate v i c i n i t y  were prepared f o r  each site. These 16 
pre l iminary  maps w e r e  forwarded t o  the  Manned Spacecraf t  Center. 
Revis ion and s t anda rd iza t ion  of t he  maps has concentrated on the  
f i v e  remaining si tes of set C. Copies of t hese  maps, without  
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Table 3. --Maps a t  1:1,000,000 scale being prepared f o r  d i s t r i b u -  
t i o n  i n  pre l iminary  form 
Percentage of  a u t h o r ' s  
work completed: 
Map Author O c t .  1 Dec. 
Tycho Pohn 100 100 
Wilhelm Saunders , Wilhelms 100 100 
Schickard Karls trom 75 80 
Gem inu s Gro l i e r  25 45 
A r  i s  t o t e  les Roddy 30 30 
texts o r  d e t a i l e d  explana t ions ,  were forwarded t o  the  Manned Space- 
c r a f t  Center  i n  August 1968 f o r  i n c l u s i o n  i n  the  Apollo on-board 
d a t a  packages. 
p l ana t ions  are nearing completion a t  t h e  t i m e  of t h i s  repor t .  
Work is a l s o  i n  progress  on a rev ised  and s tandard ized  ve r s ion  of 
the 1:100,000-scale map of 111 P-12, which includes a new landing 
e l l i p s e .  
t i o n  is  shown i n  t a b l e  4 .  
F i n a l  ve r s ions  of these  10 maps wi th  t e x t s  and ex- 
The s t a t u s  of a l l  Apollo s i te  maps c u r r e n t l y  i n  prepara-  
Continued s tudy of the  e a r l y  Apollo s i tes  has emphasized the  
d i f f e rences  among them. The western s i tes  ( f i g .  2)--11 P-13, 
I11 P-11 and I11 P-l2--are s i t u a t e d  on r e l a t i v e l y  young (Era tos-  
thenian) mare material. I11 P-11 i s  e s p e c i a l l y  no tab le  i n  having 
many s inuous,  discont inuous scarps  sugges t ive  of flow f r o n t s  and 
a widespread t e x t u r e  of low hummocks and hollows 5 t o  10 meters 
ac ross  sugges t ive  of an o r i g i n a l  vo lcan ic  topography. The sca rps  
and t e x t u r e  are both i n d i c a t i v e  of relative youth. The c e n t r a l  
s i t e ,  I1 P-8, and one e a s t e r n  s i te ,  I1 P-6, are s i t u a t e d  on re- 
l a t i v e l y  o ld  (Imbrian) mare material. S i t e  I1 P-2, t he  eas t e rn -  
most s i te ,  is s i t u a t k d  on material i n t e r p r e t e d  t o  be more a k i n  t o  
terra material than t o  t y p i c a l  mare material. This material, 
termed te r ra -mant l ing  material, has p rogres s ive ly  covered t y p i c a l  
mare material, which occurs  only i n  a s m a l l  area of the  e a s t e r n  
p a r t  of t he  si te.  The te r ra -mant l ing  material may be a young vol -  
can ic  cover  o r  f ragmental  d e b r i s  der ived  from nearby rugged terra. 
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T a b l e  4a.--Completed Apo l lo  s i t e  maps. A l l  maps have  been  reviewed.  F i n a l  t e c h n i c a l  e d i t i n g  
and p u b l i c a t i o n  w i l l  r e q u i r e  a n  a d d i t i o n a l  8 t o  10 months 
S i t e "  -
I1 P-2 
I1 P-2 
I1 P-6 
I1 P-6 
I1 P-8 
I1 P-8 
I1 P-13 
I1 P-13 
I11 P-11 
I11 P-11 
I11 P.-12 
S c a l e  
1:100,000 
1: 100,000 
1: 100,000 
1:100,000 
1 : 25,000 
1: 100,000 
1 :25,000 
1: 100,000 
1:25,000 
1 :25,000 
1:25,000 
Author  
C a r r  
Wilhe l m s  
G r o l i e r  
G r o l i e r  
Rowan 
T r a s k  
Carr and T i t l e y  
T i t l e y  and T r a s k  
Cummings 
West and Cannon 
O f f i e l d  
Tab le  4b . - -Apo l lo  s i t e  maps i n  p r e p a r a t i o n .  In most c a s e s  a s s ignmen t s  are r e c e n t ,  and work 
is  b e g i n n i n g  
Author  -S i t e  S c a l e  -
V- 12  (Censor inus )  1:250,000 - - -  
v- 12 1:25,000 Moore 
V-29 (Rima Bode 11) 1:250,000 Wilhelms 
V-29 
V-30 I (Tycho) 
V-30 § 
V-51 t ( M a r i u s  H 
V-51? 
11s) 
I11 S-23 ( F r a  Mauro Fm.) 
I11 S-23 
I11 P-11 
111 P-12 
S i t e  -
I1 P-2 
I1 P-6 
I1 P-8 
I1 P-8 
( re l o c a t e d )  
I1 P-13 
I11 P-11 
I11 P-11 
( r e l o c a t e d )  
I11 P-12 
( r e l o c a t e d )  
1:25,000 
1 : 250,000 
1:25,000 
1: 200,000 
1 : 25,000 
1:100,000 
1:25,000 
1:25,000 
( r e l o c a t e d )  
1:25,000 
( r e l o c a t e d )  
Tab le  4 c . - - S t a t u s  of 1 :5 ,000- sca l e  maps f o r  Apo l lo  o p e r a t i o n s  
Mapper 
S t u a r t - A l e x a n d e r  
West 
T r a s k  
T r a s k  
Harbour  
Cannon 
W i l h e  I m s  
_- -  
- - -  
McCau l e y  
McCauley 
P e r c e n t  complete  
90 
90 
75 
0 
90 
90 
-- 
-- 
"Pre l imina ry  g e o l o g i c  maps of si tes I1 P-11 and I11 P-9 have  been  completed,  b u t  t h e  si tes 
a r e  no l o n g e r  b e i n g  mapped because  t h e y  have been dropped from t h e  l i s t  of pr ime Apo l lo  l a n d i n g  
s i tes .  
$ P r e l i m i n a r y  maps have been  completed a t  s c a l e s  of 1:60,000 and 1:8,000 and a p p e a r  i n  t h e  
$Maps have been  completed and appea r  i n  a m i s s i o n  p l a n n i n g  document, I n t e r a g e n c y  Report  5. 
Su rveyor  VI1 Miss ion  Report .  
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Figure  2.--Apollo si tes being mapped geo log ica l ly  from Orb i t e r  
photographs. 
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During the  c o n t r a c t  year ,  members of t h e  branch a l s o  worked 
on maps of the  Apollo sites a t  a scale of 1:5,000 designed f o r  use  
by a s t ronau t s  and ground personnel  dur ing  Apollo missions ( t a b l e  
4c).  
Ranger geologic  mapping (Cont rac t  WO-5171). --Two Ranger geo- 
l o g i c  maps, RLC 9 and RLC 15, were submitted f o r  pub l i ca t ion  dur- 
ing  c o n t r a c t  year  1968. The au thors  have f in i shed  t h e i r  work on 
the  o the r  fou r  maps ( t a b l e  5). Maps RLC 11 and RLC 14 are n e a r l y  
ready t o  be submitted f o r  publ ica t ion .  
Table 5. --Ranger geologic  maps 
Map* 
RLC 3 
mc 4 
RLC 9 (1-594) 
RLC 11 
RLC 14 
RLC 15 (1-586) 
Sca le  Author 
1 : 100,000 Moore 
T i t l e y  1 : 10 , 000 
1 : 50,000 Trask 
1:5,000 Cannon and Rowan 
1:250,000 Carr 
1:50,000 McCau l ey  
*U. S. Geological Survey pub l i ca t ion  numbers i n  parentheses.  
Three maps o r i g i n a l l y  planned f o r  pub l i ca t ion  i n  t h i s  series, 
RLC 2 ,  RLC 7 ,  and RLC 16, have been dropped from the p r o j e c t  i n  ac- 
cordance wi th  Amendment No. 3 t o  NASA Defense Purchase Request 
No. WO-5171, da ted  September 27, 1968. The workload of mapping 
based on photographs re turned  by the f i v e  success fu l  Lunar Orb i t e r s  
necess i t a t ed  t h i s  revis ion. 
Lunar and Plane tary  Physics  
Inves t iga t ions  of lunar  and p l ane ta ry  physics  comprise four  
ca t egor i e s :  (1) lunar  photometry (Contract  R-09-020-041) and 
polar imet ry  (Contract  R-66), (2) i n f r a red  s t u d i e s  of the  Moon and 
p l ane t s  (Contract  R-66), and ( 3 )  research  and development i n  the  
a p p l i c a t i o n  of s p a t i a l  f i l t e r i n g  techniques t o  as t ronomical  image- 
r y  (Cont rac t  T- 663536). 
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The 1:5,000,000-scale map of the  normal albedo of the  Moon, 
prepared from p h o t o e l e c t r i c  and photographic observat ions made 
dur ing  the  previous year ,  has been co r rec t ed  and e d i t e d  and w i l l  
be published i n  U.S.  Geological  Survey P ro fes s iona l  Paper 599-E. 
The accompanying text is  a d e t a i l e d  d i scuss ion  of the  na tu re  and 
r e l i a b i l i t y  of the map. The p h o t o e l e c t r i c a l l y  c a l i b r a t e d  photo- 
graphic  p l a t e  has now been r e run  on the Beckman Whitley Isoden- 
s i t racer-Joyce-Loebl  Microphotometer combination a t  a scale of 
1:2,500,000. The r e s u l t i n g  map by R. L. Wildey, H. A. Pohn and 
G. E. Su t ton  w i l l  be published as a U.S. Geological Survey M i s -  
cel laneous Geologic Inves t iga t ions  Map. Severa l  important d i s -  
t i n c t i o n s ,  a s i d e  from scale, d i f f e r e n t i a t e  t h i s  map from the  ear- 
l ier  one. The color-pen assembly has been used on the  Isodensi-  
tracer ( IDT) ,  which v i r t u a l l y  e l imina tes  e r r o r s  w i th in  maxima o r  
minima surrounded by very  c l o s e  contours.  An increase  i n  photo- 
metric p rec i s ion  has been r e a l i z e d  i n  the  1:2,500,000 map by in- 
c r eas ing  the  number of contour i n t e r v a l s  from 20 t o  36 i n  the  
t o t a l  range of the  Moon’s normal albedo. The r e s o l u t i o n  of the 
new map, as determined by the  IDT ape r tu re ,  i s  1” of arc on the  
celestial  sphere,  t h ree  times t h a t  of t h e  1:5,000,000 vers ion ,  
and is s u f f i c i e n t  f o r  making an i s e n t r o p i c  t r a n s f e r  of s p a t i a l  
information from the  o r i g i n a l  as t ronomical  p l a t e .  
ing of the  photometric d a t a  wi th  r e spec t  t o  lunar  coord ina tes  has 
been improved ( t h e  1:5,000,000 map used a n  uncontrol led mosaic 
base) by us ing  a con t ro l l ed  mosaic having a c o n t r o l  g r i d  made from 
a computer program. Using the  lunar  ephemeris, the  program com- 
putes  the topocent r ic  l i b r a t i o n  and transforms the  system of se- 
lenographic coord ina tes  according t o  an  o r thograph ic .p ro jec t ion  i n  
the  d i r e c t i o n  of the  observer.  The scale i s  determined by the  
topocent r ic  lunar  semi-diameter, t he  plate scale of  the te lescope ,  
and the  magni f ica t ion  f a c t o r  of t he  IDT. A punched card output  
is used t o  produce the  c o n t r o l  g r i d  on t h e  XYZ p l o t t e r .  
t o r t i o n  of the  or thographic  p r o j e c t i o n  over the  exact po in t  con- 
vergent  model, i n  terms of the  mosaic, is shown t o  be over an  
The pos i t i on -  
The d i s -  
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orde r  of magnitude smaller than a r e s o l u t i o n  element, and smaller 
than the  lunar  nonspheri” hi& is  no t  considered and proper ly  
d i s t o r t s  from e l l i p t i c i t y  the  p ro jec t ed  i n t e r s e c t i o n  of t he  p lanes  
of cons tan t  1 o r  P with  the  lunar  surface.  
t i c  e r r o r s  i n  photometry have been s i g n i f i c a n t l y  reduced by the  
development of a method of d r i f t  c o r r e c t i o n  which is more e f f ec -  
t i v e  than the  one employed f o r  t he  1:5,000,000 map. F i n a l l y ,  the  
abso lu te  c a l i b r a t i o n  has been improved by the  use of rev ised  lunar  
r e f l e c t i v i t y  versus  wavelength, ins t rumenta l  response,  and so la r  
spectrum. 
I n  add i t ion ,  systema- 
A program of p h o t o e l e c t r i c  observa t ion  of Surveyor landing 
s i tes ,  us ing  the  30-inch Survey te lescope  a t  Anderson Mesa, was 
begun by R. T. Lazarus,  H. E. Hol t ,  and R. L. Wildey. D i f f e r -  
ences t h a t  may be discovered between macroscopic photometry 
(Earth-based astronomy) and microscopic photometry (me t r i za t ion  
of Surveyor imagery) w i l l  probably be due t o  one o r  more of the 
following: (1) a d i f f e r e n c e  between macroscopic and microscopic 
normal a lbedo,  (2) a d i f f e r e n c e  between macroscopic and microscop- 
i c  photometric func t ion ,  and ( 3 )  i n s t a b i l i t y  i n  Surveyor abso lu te  
c a l i b r a t i o n .  
In f r a red  s t u d i e s  of t he  Moon revealed t h a t  Mare Crisium is 
as unique i n  i t s  appearance as a very  l a r g e  region of comparative 
warmth on the dark  s i d e  of the  Moon. Crater d e n s i t y  and age- 
d a t i n g  based on crater r i m  sharpness i n d i c a t e  t h a t  Crisium mare 
material i s  r e l a t i v e l y  young. R. L. Wildey f i n d s  these  observa- 
t i ons  c o n s i s t e n t  wi th  the hypothesis  t h a t  the  su r face  of Mare 
Crisium has a higher  thermal conduct iv i ty  than t h a t  of o t h e r  
lunar  regions as a r e s u l t  of the  s h o r t e r  du ra t ion  of .cosmic m i -  
croscopic  e r o s i o n  and sedimentat ion i n  s i t u .  Such e ros ion ,  o r i -  
g i n a l l y  hypothesized t o  exp la in  i n f r a r e d  observa t ions ,  is a l s o  
suggested i n  o the r  maria by grada t ions  i n  the  degree of angular- 
i t y  of the  boulder-s ized rocks v i s i b l e  i n  Surveyor photographs. 
An i n f r a r e d  s tudy of J u p i t e r  throughout a n  a p p a r i t i o n  was 
completed by R. L. Wildey, and s i x  Jovian  br ightness  temperature 
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maps have been published (Wildey, 1968b). A s i g n i f i c a n t  varia- 
b i l i t y  i n  the  c o r r e l a t i o n  of thermal and r e f l e c t e d  image s t r u c t u r e  
w a s  found, toge ther  wi th  evidence suggest ing t h a t  t he  rate a t  
which the  Jovian  atmosphere s t o r e s  energy is  o f t e n  l a rge  compared 
with the  rate a t  which it  r a d i a t e s  energy. The b r igh tness  tempera- 
t u r e  of a s i g n i f i c a n t  f r a c t i o n  of the Jovian  d i s k  drops 5" t o  10" 
K i n  several tens  of days. The temperature of the Great Red Spot 
sometimes varies by as much as 2". 
S p a t i a l  f i l t e r i n g  s t u d i e s  by R. L. Wildey, which were i n i t i a t -  
ed t o  f i n d  a way of removing t e l e v i s i o n  scan  l i n e s  without  loss  of 
image d a t a ,  were extended t o  two new areas. I n  add i t ion ,  an  o p t i -  
ca l  system f o r  scan- l ine  removal was  designed and b u i l t .  The dig-  
i t a l  approach is s u f f i c i e n t l y  more p r e c i s e  t o  warrant  i t s  appl ica-  
t i o n  when the amount of information is  n o t  too l a rge ,  as i t  i s  i n  
lunar  imagery. 
The f irst  new area of a p p l i c a t i o n  was  t h a t  of r e l i e v i n g  the  
degradat ion of image d e t a i l  t h a t  arises from atmospheric turbulence 
i n  as t ronomical  photography. 
t h a t  photographic parameters of the o r i g i n a l  exposure must be 
chosen with a view towards s u i t a b i l i t y  f o r  post-exposure see ing  
compensation. This  is e s p e c i a l l y  so because t h e  emerging cri teria 
are d iame t r i ca l ly  opposed t o  the t r a d i t i o n a l l y  observed cri teria 
f o r  h ighly  d e t a i l e d  photography. For s p a t i a l  f i l t e r i n g  purposes,  
low g r a n u l a r i t y  emulsions and hence low speed are d e s i r a b l e ;  t h i s  
is the  reverse of normal cri teria.  
The most cogent p o i n t  emerging was  
A second a p p l i c a t i o n  of s p a t i a l  f i l t e r i n g  was the  product ion 
of p o l a r i z a t i o n  imagery. The usefulness  of the  approach appears 
t o  be l imi ted  t o  celestial  bodies f o r  which a l l  image.points  have 
the  same d i r e c t i o n  of p o l a r i z a t i o n ,  heterogeneous only i n  the per- 
centage the reo f ,  such as the  Moon. I ts  p r a c t i c a l  u se  i s  under 
study. 
Lunar Engineering Geology 
Lunar t e r r a i n  a n a l y s i s  (Contract  T-663536) and Traff i c a b i l i t y  
(Contract  W-12,388). --During con t r ac t  year  1968, R. J. P ike  s tud ied  
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the  geometry of f ive lunar  and terrestrial surfaces .  
quency d i s t r i b u t i o n s  and r e l a t e d  s ta t is t ical  parameters of select- 
Slope-fre-  
ed lunar  t e r r a i n s  photographed by Lunar Orb i t e r s  11, 111, and V 
w e r e  success fu l ly  processed us ing  the  IDT equipment and the  Lang- 
l e y  I1 photocl inometr ic  computer program. Power s p e c t r a l  d e n s i t y  
func t ions  of lunar  t e r r a i n  samples were der ived us ing  inputs  from 
the Langley I1 program and terrestrial topographic data .  Data on 
e l eva t ions  s lopes  , and s lope  curva tures  were analyzed us ing  a 
computer program which supplements the Langley I1 program. Cumu- 
lative slope-frequency curves on terrestrial d a t a  were used exper i -  
mental ly  t o  approximate lunar  s lope  d i s t r i b u t i o n s  and test theo- 
retical  p red ic t ions  f o r  cumulative slope-frequency d i s t r i b u t i o n s .  
The r e l a t i o n s h i p  between the  hypsometric i n t e g r a l  and e leva t ion-  
r e l i e f  r a t i o s  was  i nves t iga t ed  us ing  both lunar  and terrestrial 
topographic data .  
These s t u d i e s  showed s i g n i f i c a n t  d i f f e r e n c e s  between var ious  
lunar  su r faces  on the b a s i s  of information obtained d i r e c t l y  from 
lunar  photography and comparisons with terrestrial f ea tu res .  
d i f f e rences  are apparent  i n  slope-frequency d i s t r i b u t i o n ,  power 
s p e c t r a l  d e n s i t i e s ,  and o the r  parameters. For example, power spec- 
t ra l  d e n s i t i e s  of rough (western) maria may be l a r g e r  by a f a c t o r  
of 10 o r  more than those of smooth ( eas t e rn )  maria a t  a given f r e -  
quency. Comparisons of  lunar  su r faces  wi th  n a t u r a l  and experiment- 
a l  terrestrial sur faces  y i e l d  va luable  i n s i g h t  i n t o  the  na tu re  of 
t he  lunar  surface.  Slope-frequency d i s t r i b u t i o n s  and o t h e r  ter- 
r a i n  d a t a  f o r  su r faces  produced experimental ly  by repeated crater- 
ing,  such as the  crater f i e l d  near  F l a g s t a f f ,  Ariz . ,  and f o r  sur -  
faces produced by repeated impacts i n  the labora tory ,  compare w e l l  
wi th  those of l una r  surfaces .  Data from o t h e r  terrestrial su r faces ,  
such as the  Bonita lava flow and the  f l anks  of craters produced by 
explos ives  detonated i n  hard unf rac tured  rocks,  are u s e f u l  i n  as- 
se s s ing  the t r a f f i c a b i l i t y  of some lunar  sur faces .  
Such 
Spec ia l  t r a f f i c a b i l i t y  s t u d i e s  (Cont rac t  R-66). - -Studies  by 
H. J. Moore of l o c a l  lunar  hazards  t h a t  might be encountered dur ing  
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manned and unmanned exp lo ra t ion  of t he  Moon continued dur ing  con- 
tract year  1968. 
problems a s soc ia t ed  wi th  (1) f r e s h  l a r g e  blocky craters, (2) b l o c k .  
f i e l d s ,  (3) t a l u s  s lopes  on w a l l s  of r i l les ,  and ( 4 )  d e b r i s  i n  
l a r g e  subdued craters. I n  add i t ion ,  frequency d i s t r i b u t i o n s  of 
craters as a func t ion  of t h e i r  morphologies w e r e  s tudied.  P r o f i l e s  
of craters, r i l l e  w a l l s ,  and domical h i l l s  were obtained us ing  
photogrammetric, shadow measurement, and photocl inometr ic  tech- 
nigues. Frequencies of craters as a func t ion  of morphology and 
block frequencies  of ejecta,  t a l u s ,  and block f i e l d s  were de te r -  
mined us ing  v i s u a l  techniques. 
around terrestrial explosion craters have been co l lec ted .  
These s t u d i e s  cons ider  l o c a l  t r a f f i c a b i l i t y  
Some d a t a  on block f requencies  
The s t u d i e s  show th ree  important r e s u l t s .  F i r s t ,  traverses 
f o r  manned and unmanned exp lo ra t ion  of the  Moon should be planned 
i n  advance t o  avoid p o t e n t i a l  hazards due t o  blocks around some 
craters , blocks i n  t a l u s  cones, block f i e l d s  , and blocks wi th in  
some l a rge  subdued craters. Although i t  cannot be s a i d  a t  t h i s  
t i m e  t h a t  a l l  of these  hazards  are impassable obs tac les ,  i t  is  
clear t h a t  they cannot be t raversed  b l ind ly .  Second, average 
s lopes  of r i l l es  may be as high as 30" f o r  as much as 1 km, and 
l o c a l l y  ver t ical  s lopes  are p resen t ,  bu t  gene ra l ly  s lopes  are no t  
t h i s  s teep.  Third,  frequency d i s t r i b u t i o n s  of craters of a given 
morphologic range have the  same mathematical form as t h a t  f o r  a l l  
craters where the  su r face  has reached the  "steady-state.  I' The 
cons tan ts  of t he  equat ions vary  and are lowest f o r  t he  f r e s h  young- 
est  c r a t e r s  and h ighes t  f o r  a l l  craters. 
Slope s t a b i l i t y  s t u d i e s  (Contract  R-66). --The inf luence  of 
seismic a c t i v i t y  on the  s t a b i l i t y  of lunar  s lopes  was inves t iga t ed ,  
and a method of i n d i r e c t l y  eva lua t ing  lunar  bear ing c a p a c i t i e s  
w a s  developed. Methods of s lope  s t a b i l i t y  a n a l y s i s  t h a t  could be 
used i n  the  i n d i r e c t  eva lua t ion  were reviewed, and s t a b i l i t y  c h a r t s ,  
based on the  "method of slices," were developed wi th  the  inc lus ion  
of h o r i z o n t a l  seismic a c c e l e r a t i o n  as one of t h e  va r i ab le s .  
These s t u d i e s  have shown t h a t  the  e f f e c t s  of seismic a c t i v i t y  
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on the  lunar  su r face  should not  be ignored when us ing  s lope  s t a b i l -  
i t y  techniques t o  eva lua te  lunar  bear ing  capaci ty .  From the  avail- 
a b l e  d a t a ,  the  s t a t i c  mass bear ing  capac i ty  on the  lunar  su r face  
should be a t  least 225 g/cm , and the  upper l i m i t  could be as high 
as 4,000 g/cm f o r  foo t ings  1 meter across .  A r epor t  covering 
these f ind ings  i s  i n  preparat ion.  
2 
2 
Pene t r a t ion  r e s i s t a n c e  estimates us ing  secondary impact cra- 
ters (Cont rac t  R-66).--Values of the  pene t r a t ion  r e s i s t a n c e  ob- 
ta ined by H. J. Moore from lunar  secondary impact craters photo- 
graphed by Lunar Orb i t e r  I1 are comparable t o  o r  higher  than  those 
obtained by Surveyor spacecraf t .  Pene t r a t ion  r e s i s t a n c e s  f o r  57 
secondary impact craters,  computed e s s e n t i a l l y  as the  r a t i o  of 
one-half t he  k i n e t i c  energy of the block and the  volume of the  
corresponding c r a t e r ,  range from 1.1 t o  75 newtons/cm and aver- 
age 9.6 newtons/cm . Such estimates assume an  e j e c t i o n  angle  of 
4 5 " ,  which y i e l d s  v e l o c i t i e s  f o r  the e j ec t ed  blocks of 4 t o  39 
meters/sec. The e j ec t ed  blocks range i n  s i z e  frombabout 1 t o  9 
meters ac ross  and pene t r a t e  depths  of 2.6 meters and less. A 
second method, us ing  the Euler  equat ion  ( co r rec t ed  f o r  angle  of 
impact),  y i e l d s  values  ranging from 2.0 t o  150 newtons/cm2 and 
an  average of 27 newtons/cm . 
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These values  are comparable t o  o r  higher  than those from the  
2 Surveyor spacec ra f t ,  which are near  3 t o  6 newtons/cm a t  much 
shallower depths  (about  3 t o  5 cm) .  The d i f f e rences  might ar ise  
from a number of problems inherent  i n  the technique and a v a i l a b l e  
data .  The c a l c u l a t i o n s  r e q u i r e  estimates of block and crater d i -  
mensions, e j e c t i o n  angles  and d i s t a n c e s ,  block and t a r g e t  dens- 
i t i e s ,  and the  c o r r e c t  a s s o c i a t i o n  of a c r a t e r  wi th  i t s  cor res -  
ponding block. The r e q u i s i t e s  cannot always be f i l l e d  because: 
1. Measurements of t he  blocks and t h e i r  corresponding cra- 
ters are a t  b e s t  approximate when they are smal'l and approach the  
r e s o l u t i o n  l i m i t  of the  O r b i t e r  photographs. 
2. E j e c t i o n  angles  of the  blocks are unknown, and d a t a  on 
experimental  impact c r a t e r i n g  show a wide range of e j e c t i o n  angles  
f o r  var ious  materials. 
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3. Measured e j e c t i o n  d i s t ances  of t he  blocks from t h e i r  p r i -  
mary craters are approximate. 
4. Dens i t i e s  of e j e c t e d  blocks and s u r f a c e  materials must be 
es t i m a  ted . 
5. I n t e r p r e t a t i o n s  of a s soc ia t ions  of blocks and craters are 
some t imes amb iguous. 
I n  a d d i t i o n  t o  t hese  u n c e r t a i n t i e s ,  t h e r e  are no adequate 
d a t a  o r  t heo r i e s  desc r ib ing  low-velocity impact craters i n  terms 
of s o i l  parameters. A f i n a l  unce r t a in ty  arises from the f a c t  
t h a t  k ' ine t ic  energ ies  of r o t a t i o n  of the  blocks could e a s i l y  ex- 
ceed the  k i n e t i c  energy of t r ans l a t ion .  
S tudies  us ing  Lunar O r b i t e r  111 photographs are i n  progress.  
Simultaneously low-velocity impact experiments i n  sand are being 
conducted. 
Bearing capac i ty  estimates us ing  boulder t r acks  (Cont rac t  
- R-66).--Estimates of s ta t ic  bear ing c a p a c i t i e s  us ing  boulders  a t  
the  end of boulder t r acks  shown i n  Lunar O r b i t e r  I1 photographs 
y i e l d  va lues  between 0.5 and 9.3 newtons/cm2 f o r  blocks between 
1.4 and 8.5 meters across .  F r i c t i o n  angles  ranging from 10" t o  
30" were computed us ing  Terzaghi 's  bear ing  capac i ty  equat ion  f o r  
c i r c u l a r  foo t ings ,  a cohesion of 10 dynes c m  , a lunar  Y of 220 
2 2  g/cm -sec  , dimensionless numbers f o r  genera l  shear ,  and measured 
foo t ing  r a d i i  and depths. These values  are less than those re- 
ported using d a t a  co l l ec t ed  by Surveyor spacecraf t .  However, the 
f r i c t i o n  angle  of one boulder shown i n  Lunar Orb i t e r  V photograph 
H95 w a s  computed t o  be 30"-35" , i n  approximate agreement wi th  
Surveyor r e s u l t s .  
3 2 
The gene ra l ly  low va lues  obtained f o r  f r i c t i o n  angles  prob- 
a b l y  r e s u l t  from u n c e r t a i n t i e s  similar t o  those reported under 
pene t r a t ion  r e s i s t a n c e  estimates above. Two measurements are of 
c r i t i ca l  importance i n  e s t ima t ing  s ta t ic  bear ing  capac i t i e s :  (1) 
the  con tac t  area between the boulder and the  su r face ,  and (2)  the  
he ight  of the boulder. The f i r s t  measurement i s  v i r t u a l l y  impos- 
s i b l e  using ver t ica l  photographs. Indeed, terrestrial  boulders a t  
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t he  end of t r acks  i n  Montana may r e s t  on an area s i g n i f i c a n t l y  
less than one would p r e d i c t  from a s tudy of the boulder o r  i t s  
t r ack  using v e r t i c a l  photographs. The second measurement is made 
using shadow techniques where u n c e r t a i n t i e s  arise because the  
s lope  angles  of t he  su r faces .on  which the  shadows are c a s t  are 
unknown. 
Boulder t r acks  i n  Lunar Orb i t e r  I11 and V photographs are 
c u r r e n t l y  being inves t iga ted  along with s t u d i e s  of t e r r e s t r i a l  
boulder t r acks  i n  Montana. 
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PART B. CRATER INVESTIGATIONS 
Natura l  Impact Craters 
(Cont rac t  R- 66)  
Fieldwork was concluded a t  the  S i e r r a  Madera, Tex., impact 
s t r u c t u r e ,  and was l a r g e l y  completed a t  two others--6osses  Bluf f ,  
Aus t r a l i a ,  and Deca tu rv i l l e ,  Mo. Two o t h e r  probable impact cra- 
ters i n  A u s t r a l i a  were s tudied  i n  cooperat ion with the Aus t r a l i an  
Bureau of Mineral  Resources. 
S i e r r a  Madera, Tex.--The f i n a l  r epor t  on the  geology of the  
S i e r r a  Madera impact s t r u c t u r e  i s  being prepared by H. G. Wi lsh i re ,  
T. W. Of f i e ld ,  K. A. Howard, and David Cummings. The f i n a l  phases 
of f i e l d  mapping revealed t h a t  i r r e g u l a r  masses of mixed b recc ia  
i n  the c e n t r a l  u p l i f t  are gene ra l ly  i n t r u s i v e  i n t o  the  country 
rock. Evidence f o r  i n t r u s i v e  emplacement includes s t e e p  flow 
f o l i a t i o n s  wi th in  the  b recc ia ,  and a crude s i z e  s o r t i n g  of b recc ia  
fragments such t h a t  gene ra l ly  f i n e r  grained b recc ia  is concentrat-  
ed i n  zones a f e w  inches t o  a few f e e t  wide a t  the  edges of the 
mixed brecc ia ,  The Lower Cretaceous sandstone is  a l s o  ex tens ive ly  
in j ec t ed ,  mainly i n t o  overlying Cretaceous l imestone, bu t  a l s o  
i n t o  underlying Permian dolomite. I n  the  in j ec t ed  sands,  o r ig in -  
a l  crossbedding w a s  e r ad ica t ed  and i n t r i c a t e  flow banding formed, 
suggest ing t h a t  the Lower Cretaceous sandstone w a s  l a r g e l y  uncon- 
so l ida t ed  when S i e r r a  Madera formed. Most mixed b recc ia ,  on the  
o the r  hand, w a s  formed from comminuted hard Permian rocks. 
Shock-deformed qua r t z  i s  present  i n  some in-place sandstones,  
b u t  ex tens ive  c o l l e c t i o n s  from the  G i l l i a m  and Word Formations 
f a i l e d  t o  reveal any sys temat ic  p a t t e r n  of d i s t r i b u t i o n .  V i r tua l -  
l y  a l l  quar tzose  fragments from mixed b recc ia  i n  the c e n t r a l  area 
of t he  s t r u c t u r e  have well-developed mul t ip le  sets of p lanar  s t r u c -  
t u r e s  i n  qua r t z ;  such s t r u c t u r e s  are sporadic  i n  brecc ias  from 
the  f l anks  of the  c e n t r a l  u p l i f t .  Some qua r t z  wi th  mul t ip le  sets 
of p lanar  f e a t u r e s  d i sp l ays  asterism, an  ind ica t ion  of permanent 
la t t ice  damage. 
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A l a rge  mass of mixed b recc ia  near  the  c e n t e r  of t he  s t ruc -  
t u r e  yielded a number of fragments of f o s s i l i f e r o u s  c h e r t  t h a t  
have well-developed complex flow banding. Large f u s i l i n i d s  , s i l i -  
c i f i e d  and deformed, suggest  a n  o r i g i n  from the exposed Permian 
sec t ion ,  though c h e r t  nodules of comparble s i z e  were no t  observed 
i n  unbrecciated rock. Quartz i n  the  deformed c h e r t  i s  completely 
f r e e  of the  deformation lamellae t h a t  c h a r a c t e r i z e  o the r  quar tzose  
rocks from the  same brecc ia ,  and t h i s ,  toge ther  wi th  the  prominent 
flow s t r u c t u r e ,  suggests  t h a t  t he  fragments were melted and sub- 
sequent ly  r e c r y s t a l l i z e d .  
The r e s u l t s  descr ibed above lend support  t o  the  i n t e r p r e t a -  
t i o n  t h a t  S i e r r a  Madera i s  a n  impact s t r u c t u r e ,  as deduced from 
the  gross  s t r u c t u r a l  geometry of the  c e n t r a l  u p l i f t  (Wi lsh i re  and 
Howard, 1968) and from s h a t t e r  cone s t u d i e s  (Howard and Of f i e ld ,  
19 68) . 
Gosses Bluff structure.--The geologic  s tudy  of t he  Gosses 
Bluff impact s t r u c t u r e ,  Northern T e r r i t o r y ,  A u s t r a l i a ,  w a s  car- 
r i e d  on by D. J. Mil ton,  Robin Brett,  and A. Y. Glikson of t he  
Aus t r a l i an  Bureau of Mineral  Resources (B.M. R.) . Fieldwork i n  
the c e n t r a l  zone (mapping and s h a t t e r  cone measurement) was com- 
p l e t ed ;  mapping i n  the ou te r  zone w a s  advanced; 23 holes  were 
d r i l l e d  by the  B.M.R. t o t a l i n g  1,565 f e e t ,  of which 348 f e e t  w a s  
cored; surveying of ground c o n t r o l  f o r  mapping and f o r  the  geo- 
phys ica l  g r i d  was c a r r i e d  out  through the f i e l d  season by the  
Department of I n t e r i o r  of A u s t r a l i a  and w i l l  be completed next  
season; g r a v i t y  measurements were begun by the  B.M.R., l ikewise 
t o  be completed next  season; an  aeromagnetic survey w a s  flown by 
the  B.M.R. ; an ex tens ive  seismic program w i l l  be c a r r i e d  ou t  by 
the  B.M.R. next  season. 
The c e n t r a l  s t r u c t u r e  c o n s i s t s  of p l a t e s  of bedrock of the  
Stokes S i l t s t o n e  (and poss ib ly  uppermost Stairway Sandstone) , Car- 
michael Sandstone, Mereenie Sandstone, and the  lower u n i t s  of the  
P e r t n j a r a  Group, dipping s t e e p l y  and f ac ing  outward. The p l a t e s  
are c h a r a c t e r i s t i c a l l y  several hundred yards  long, and although 
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they show only minor i n t e r n a l  deformation, are sharp ly  bounded by 
f a u l t  zones. Mapping has shown a remarkable pa t t e rn ,  The s t ruc -  
t u r e  i s  b i l a t e r a l l y  symmetrical about  a north-south axis, b u t  the  
nor thern  and southern halves  are q u i t e  d i f f e r e n t .  I n  the  no r th  
the  f a u l t s  tend t o  run roughly north-south i n  the  Stokes S i l t s t o n e ,  
east-west i n  the  Carmichael Sandstone and Mereenie Sandstone, and 
aga in  north-south i n  the P e r t n j a r a  Group. 
i s  reversed: t he  f a u l t s  i n  the  Stokes run roughly east-west, i n  
the  Carmichael and Mereenie north-south,  and i n  the  P e r t n j a r a  easg- 
w e s t .  S t r u c t u r a l  d e t a i l s  i n d i c a t e  t h a t  the  p l a t e s  have moved in- 
ward as w e l l  as from 10,000-15,000 f e e t  upward, t o  l i e  on a sho r t -  
ened perimeter.  
adjustment i n  response t o  t h i s  shor ten ing ,  analogous i n  a very  
crude way t o  fo ld ing  of a c l o t h  pul led  through a ring. 
p a r t i c u l a r  p a t t e r n  of deformation r e s u l t e d ,  r a t h e r  than some al-  
t e r n a t i v e ,  remains an unresolved problem. 
I n  the  south the  p a t t e r n  
The p a t t e r n  of deformation apparent ly  represents  
Why the  
Mil ton wi th  P. F i she r  (B.M.R.) measured 89 s h a t t e r  cones. The 
o r i e n t a t i o n s  of i nd iv idua l  s t r i a t i o n s ,  an  average of 20 p e r  loca l -  
i t y ,  were measured and p l o t t e d  on a stereogram t o  po r t r ay  the  cone. 
A t  a few l o c a l i t i e s  a l l  s t r i a t i o n s  were taken from a s i n g l e  physi- 
cal  cone; gene ra l ly  s t r i a t i o n s  from several cone segments a t  one 
l o c a l i t y  were combined t o  y i e l d  the  s p a t i a l  cone. A t  a l l  b u t  s ix  
l o c a l i t i e s ,  a s i n g l e  s p a t i a l  cone o r  a cone p lus  a few anomalous 
s t r i a t i o n s  w a s  obtained,  even from segments t h a t  appeared unre- 
l a t e d  a t  f i r s t  s igh t .  
cones wi th  ap ices  opposed t o  the  usua l  o r i en ta t ion .  Such negat ive 
A minori ty  of segments belong t o  negat ive 
cones exac t ly  match the  complementary branch of the  p o s i t i v e  cone, 
i n d i c a t i n g  t h a t  cones can develop i n  e i t h e r  d i r ec t ion ' f rom the  po in t  
of i n i t i a t i o n  and t h a t  nega t ive  cones are no t  produced by r e f l e c t e d  
shock waves, as has been suggested. 
Cone axes l i e  a t  a n  angle  t o  the  bedding decreas ing  from over 
80" near  the  c e n t e r  t o  5" two miles ou t s ide  the  b luf f .  I f  the  beds 
are ro t a t ed  t o  the ho r i zon ta l ,  cone axes p o i n t  upward and general-  
l y  toward a focus above the  c e n t e r  of the  s t ruc tu re .  Some of the  
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dev ia t ions  of cone axes from a s i n g l e  focus c l e a r l y  r e f l e c t  ro ta -  
t i o n  of p l a t e s  i n  the  p lane  of bedding dur ing  emplacement. Other 
dev ia t ions ,  however, cannot be reduced by any geometric manipula- 
t i o n  of beds. The lat ter dev ia t ions  i n d i c a t e  t h a t ,  i f  s h a t t e r  
cones form normal t o  a n  advancing shock f r o n t ,  t h e  shock f r o n t  can- 
no t  have propagated as a simple expanding sphere bu t  perhaps w a s  
r e f r a c t e d  a t  con tac t s  of d i f f e r e n t  l i thology.  A computer program 
f o r  handl ing s h a t t e r  cone d a t a  i s  under development. 
a n a l y s i s  should shed l i g h t  on the mechanism of s h a t t e r  f r a c t u r i n g ,  
on the  movement of bedrock p l a t e s  during emplacement, and on the  
propagat ion of t h e  shock pulse.  
Complete 
The s h a t t e r  cones i n d i c a t e  shock propagat ing outward and down- 
ward from a shallow c e n t r a l  focus a t  a t i m e  when the  strata were 
approximately f l a t  lying. A t  a later t i m e  (perhaps only  a few 
seconds later) the  rock t h a t  composes the  b l u f f  was  drawn upward 
and inward. Such a h i s t o r y  would r e s u l t  from a near -sur face  shock- 
producing event.  It is  our  b e l i e f  t h a t  impact is the only such 
event  t h a t  occurs na tura l ly .  
The ou te r  r i m  of the  Gosses Bluff s t r u c t u r e  c o n s t i t u t e s  ap- 
proximately 100 square m i l e s  of dune, g rave l ,  and t r a v e r t i n e -  
covered p l a i n ,  wi th  outcrops occurr ing  as l o w  h i l l s  and along 
creeks.  Work dur ing  c o n t r a c t  year  1968 included 2 inch-to-the- 
m i l e  remapping, a search  f o r  new outcrops,  and observa t ions  on 
b recc ia  outcrops.  
The c i r c u l a r  s t r u c t u r e  terminates  a t  d i s t ances  from 4 t o  7 
m i l e s  from the  c e n t e r  of Gosses Bluff .  The boundaries of the  de- 
formed zone wi th  the l i t t l e - d i s t u r b e d  strata of the Missionary 
p l a i n  appear t o  be abrupt.  
as represented on Gemini photographs, i s  imparted by the  t r a v e r t i n e  
covered pediment, and by the  dune p a t t e r n s ,  and does no t  appear t o  
be d i r e c t l y  r e l a t e d  t o  the  underlying s t r u c t u r e .  The s t r u c t u r a l  
p a t t e r n  wi th in  the  deformed zone is  e s s e n t i a l l y  similar t o  t h a t  of 
the c e n t r a l  s t ruc tu re .  The s t r u c t u r a l  elements of the  o u t e r  r i m ,  
however, are l a r g e r  i n  scale than those of t he  c e n t r a l  par t .  Thus, 
The c i r c u l a r  p a t t e r n  around the  b l u f f ,  
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i nd iv idua l  rock p l a t e s  and b recc ia  troughs are l a r g e r  on the o u t e r  
r i m .  Both elements tend t o  s t r i k e  t a n g e n t i a l l y  t o  the  b l u f f ,  b u t  
l o c a l l y  d e v i a t e  t o  r a d i a l  o r i e n t a t i o n s ,  which may correspond t o  
the b i l a t e r a l  symmetry of t he  c e n t r a l  s t r u c t u r e .  
The b recc ia  troughs are i n t e r p r e t e d  as relics of t he  o r i g i n a l  
crater b recc ia ,  caught between r a d i a l l y  advancing bedrock p l a t e s ,  
and subsequent ly  buried by overturned blocks of t he  c e n t r a l  u p l i f t .  
The overturned p l a t e s  d i s i n t e g r a t e d  a t  t h e i r  f r o n t s  i n t o  megabrec- 
cia,  over ly ing  f i n e  crater breccia .  The f i n e  b recc ia  i n  many 
p laces  in t rudes  over ly ing  bedrock p l a t e s .  S h a t t e r  cones i n  the  
megabreccia suggest  t h a t  i t  w a s  o r i g i n a l l y  c l o s e  t o  the  c e n t e r  of 
impacti. The shock-melted f low b recc ia  of M t .  Py roc la s t  o v e r l i e s  
heated q u a r t z i t i c  b recc ia ,  i n  t u r n  over ly ing  normal breccia .  The 
f low b recc ia  does not  c o n s t i t u t e  a h o r i z o n t a l  s h e e t ,  b u t  appears 
t o  l i e  over  the q u a r t z i t i c  b recc ia  i n  relief. Many blocks w i t h i n  
the  flow b recc ia  have escaped complete melting. 
The i n t e n s i t y  of t he  shock a t  d i f f e r e n t  po in t s  i n  the  s t r u c -  
t u r e  must be determined from the  pe t rographic  e f f e c t s .  
mens of sandstone from the  b l u f f  show the cleavage and o t h e r  plan- 
ar elements i n  qua r t z  c h a r a c t e r i s t i c a l l y  developed by shock, not- 
ab ly  along the  (1073) , @ O i l ) ,  and (0001) planes.  
p lanar  elements developed i n  ind iv idua l  specimens hopefu l ly  can 
be c o r r e l a t e d  with the  r e s u l t s  of very  r ecen t  experimental  shock 
work t o  i n d i c a t e  the  peak pressures  a t t a i n e d  a t  var ious  po in t s  i n  
t h e  s t ruc tu re .  Etching of pol ished t h i n  sec t ions  reveals complex 
Dauphine twinning of qua r t z  g r a i n s  wi th  the  composition p lanes  
p a r a l l e l  t o  p l ana r  elements. The twinning is  presumably shock in- 
duced, a l though i t  i s  apparent ly  no t  known whether such twinning 
occurs  i n  ord inary  rock quar tz .  
Most spec i -  
The s p e c i f i c  
The sandstone c las ts  i n  the  s u e v i t i c  b recc ia  of M t .  Py roc la s t  
were apparent ly  almost completely transformed t o  l i q u i d  o r  g l a s s ,  
a l though some con ta in  re l ic t  g ra ins  of qua r t z  showing a high con- 
c e n t r a t i o n  of p l ana r  elements. N o  g l a s s  remains, and the  s i l ica  
has e n t i r e l y  r e c r y s t a l l i z e d  as quartz .  Some of t h i s  qua r t z  is 
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pseudomorphous after t r idymi te ,  which presumably c r y s t a l l i z e d  as 
the  mass cooled. 
A s  an  outgrowth of t h e  Gosses Bluff p r o j e c t ,  Mil ton i n  in fo r -  
m a l  cooperat ion wi th  T. Pearce of Magellan Petroleum Gorp. has been 
examining the  s t r a t i g r a p h y  of the  Mereenie Sands tone l o c a l l y  and 
has divided it i n t o  two u n i t s ,  poss ib ly  separa ted  by an  unconform- 
i t y .  The lower u n i t  c o n s i s t s  of l i gh t - co lo red  uniform thin-bedded 
sandstone. It i s  t e n t a t i v e l y  considered t o  be of Ordovician age,  
as i t  appears e n t i r e l y  conformable wi th  the  Carmichael Sandstone. 
This  u n i t  is about  350 f e e t  t h i c k  a t  Gosses Bluff  and i n  the  Gard- 
i n e r  Range t o  the  south. I n  the  Macdonell Ranges i t  is 50 t o  100 
feet t h i c k  i n  the v i c i n i t y  of Goyder Pass ,  is apparent ly  absent  
near  Tyler  Pass ,  and reappears  and thickens westward t o  several 
hundred f e e t  near  Stokes Pass  and near  Deering Creek. A consider-  
a b l y  th i cke r  and l i t h o l o g i c a l l y  more va r i ed  upper u n i t  i s  of De- 
vonian age,  as indica ted  by a r t h r o d i r e  p l a t e s  from Gosses Bluff.  
The base of t h i s  u n i t  i s  marked by conglomerate throughout the 
western Macdonell Ranges and by g r i t  wi th  rare pebbles a t  Gosses 
Bluff.  I n  the  Gardiner Range near  Areyonga the  base of the  upper 
u n i t  is not  marked by coarse  material, bu t  the  l i t h o l o g i c  d i s t i n c -  
t i o n  of the  u n i t s  i s  maintained. 
Deca tu rv i l l e ,  Mo. - -Prel iminary work on the cryptoexplosion 
s t r u c t u r e  a t  Deca tu rv i l l e ,  Mo., showed t h a t  t he  s t r u c t u r e  c o n s i s t s  
of a c e n t r a l  dome surrounded by a s t r u c t u r a l l y  depressed r i n g  zone. 
Strata  of the  r i n g  zone commonly are down-faulted more than 200 
f e e t  a long  a f a u l t  which appears t o  d e l i m i t  the  e n t i r e  s t ruc tu re .  
S h a t t e r  cones are w e l l  developed b u t  do n o t  occur beyond 1,500 
f e e t  from the  c e n t e r  of the  s t r u c t u r e .  On the  b a s i s  .of abundant 
subsurface information provided by the  Missouri  Geological Survey, 
s t ruc ture-contour  and isopach maps were made f o r  a l a r g e  area 
around the  s t r u c t u r e ;  these  show th ree  subsurface l i n e a r  f e a t u r e s  
which i n t e r s e c t  a t  Deca turv i l le .  Better aerial  photographs have 
been obtained , 
the  s t ruc tu re .  
which w i l l  g r e a t l y  f a c i l i t a t e  d e t a i l e d  mapping of 
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Liverpool  and Mataranka structures.--Two c i r c u l a r  s t r u c t u r e s  
of probable impact o r i g i n  have been discovered i n  the  Northern 
T e r r i t o r y ,  A u s t r a l i a ,  by D. J. Guppy (Aus t r a l i an  B.M.R.) and Robin 
Brett. One, Liverpool  Crater, is about  5 m i l e s  w e s t  of t he  west 
bank of t he  Liverpool  River, and approximately 35 miles upstream 
from i t s  mouth i n  Boucaut Bay, Arnheim Land. 
Crater, is approximately 45 miles southwest of Elsey S t a t i o n ,  
near  Mataranka. 
The o t h e r ,  Mataranka 
Liverpool  Crater, 1 m i l e  i n  diameter ,  c o n s i s t s  of a r i m  of 
sandstone b recc ia  r i s i n g  t o  150 f e e t  above the  surrounding p l a i n  
and up t o  1,000 f e e t  wide. The b recc ia  c o n s i s t s  of angular  blocks 
of sandstone apparent ly  equiva len t  t o  the  surrounding f l a t - l y i n g  
Pro terozoic  sandstone and ranging i n  s i z e  from 20 f e e t  downward. 
The b recc ia  rests unconformably on what appears t o  be Pro terozoic  
sandstone which s t r i k e s  t a n g e n t i a l l y  t o  the  s t r u c t u r e  and d i p s  a t  
a l l  a t t i t u d e s .  Microscopic p lanar  f e a t u r e s  i n  qua r t z  are similar 
t o  those produced by impact i n  o the r  s t r u c t u r e s .  In s ide  the  cra- 
ter ,  f r i a b l e  sandstone of probable Cretaceous age d i p s  inward a t  
3'. The age of the  s t r u c t u r e ,  t he re fo re ,  i s  between Pro terozoic  
and Cretaceous, 
Mataranka Crater, approximately 14 miles i n  diameter ,  in- 
volves  Pro terozoic  sandstones and s i l t s t o n e s  s t r i k i n g  t angen t i a l -  
l y  t o  the  s t r u c t u r e  and dipping gene ra l ly  less than 45" inwards 
o r  outwards. Poorly developed s h a t t e r  cones and poss ib ly  shock- 
cleaved q u a r t z i t e  are present .  The s t r u c t u r e  i s  no t  continuous; 
i t  has been l a r g e l y  f i l l e d  wi th  f l a t - l y i n g  Lower Cretaceous sand- 
stone.  In s ide  the  s t r u c t u r e  the re  are several outcrops up t o  1 
m i l e  long of what may be d e v i t r i f i e d  suevi te .  The material re- 
sembles a volcanic  b recc ia ,  and conta ins  blocks of sandstone up 
t o  20 feet long which appear mylonitic.  Pronounced microscopic 
p l ana r  f e a t u r e s  occur i n  the  quartz .  
t a l l i n e  g r a n i t i c  rock was a l s o  found i n  t h e  i n t e r i o r  of t he  s t r u c -  
ture .  
thus ,  t he  u p l i f t  respons ib le  f o r  t h i s  outcrop may be a pure ly  lo-  
cal  phenomenon. 
A small outcrop of a crys-  
No o t h e r  c r y s t a l l i n e  rock occurs  f o r  a t  least 100 miles; 
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Flynn Creek.--The f i n a l  r e p o r t  on the  geology of Flynn Creek 
Crater, Tenn., i s  being prepared f o r  pub l i ca t ion  as a U.S. Geo- 
l o g i c a l  Survey P ro fes s iona l  Paper. The manuscript  i s  being re- 
v i sed  on the  b a s i s  of a pre l iminary  review and w i l l  be submitted 
f o r  t echn ica l  review e a r l y  i n  1969. 
Impact Metamorphism 
(Cont rac t  R- 66) 
I n  c o n t r a c t  year  1968 research  by E. C. T. Chao, 0. B. James, 
and J. A. Minkin was  d i r e c t e d  toward sys temat ic  and d e t a i l e d  iden- 
t i f i c a t i o n ,  c l a s s i f i c a t i o n ,  and i n t e r p r e t a t i o n  of shock e f f e c t s  i n  
rock-forming minerals,  i n  an  at tempt  t o  deduce the pressure  and 
temperature h i s t o r i e s  of impact-metamorphosed rocks (Chao, 1968). 
Research covered th ree  genera l  areas: (1) the  s tudy of n a t u r a l l y  
and experimental ly  shocked t e c t o s i l i c a t e s ,  qua r t z ,  and f e l d s p a r s ,  
by E. C. T. Chao; (2) the  s tudy  of shocked cha in  s i l i c a t e s ,  such 
as amphiboles and pyroxenes, by 0. B. James; and (3 )  e l e c t r o n  
microscopic and X-ray s i n g l e  c r y s t a l  s tudy  by J. A. Minkin of 
samples s e l e c t e d  and s tud ied  under (1) and (2). A study of opaque 
minerals  recovered from d r i l l  holes  a t  Meteor Crater, Ar iz . ,  w a s  
completed by Robin Brett.  D. J. Roddy continued t o  s tudy the  e f -  
f e c t s  of shock on the  c r y s t a l l i n e  s t r u c t u r e  of c a l c i t e .  
James and Chao continued t h e i r  d e t a i l e d  pe t rographic  examina- 
t i o n ,  begun the previous year ,  of a l a rge  c o l l e c t i o n  of shocked 
c r y s t a l l i n e  rock samples  from the  R i e s  Crater, Germany. This 
s tudy i s  expected t o  make poss ib l e  a more complete and p r e c i s e  
d e s c r i p t i o n  of the  shock e f f e c t s  i n  these  rocks,  t o  d i s t i n g u i s h  
these  shock e f f e c t s  from p reex i s t ing  f e a t u r e s ,  t o  form a b a s i s  
f o r  s e l e c t i n g  samples f o r  d e t a i l e d  chemical a n a l y s i s ,  and t o  
enable  d e l i n e a t i o n  of t he  most prof i t a b l e  d i r e c t i o n s  f o r  f u r t h e r  
research. 
A s  a r e s u l t  of t h i s  work, a poss ib l e  high-pressure phase of 
p l ag ioc la se  f e l d s p a r  w a s  de t ec t ed ,  appearing as micron-sized par- 
t ic les  with r e f r a c t i v e  index near  1.59 embedded i n  thetomorphic 
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f e ldspa r  g l a s s .  Pre l iminary  X-ray work sugges ts  t h a t  these  par- 
ticles c o n s i s t  of j a d e i t e  and coes i te .  E f f o r t s  are now i n  pro- 
g re s s  t o  concent ra te  and confirm the  composition of t h i s  phase. 
The R i e s  samples con ta in  material s u i t a b l e  f o r  s tudy  of the  
shock e f f e c t s  i n  cha in  s i l i c a t e s - m i n e r a l s  t h a t  w i l l  probably be 
s i g n i f i c a n t  components of lunar  samples re turned  t o  Earth.  De- 
t a i l e d  s t u d i e s  w e r e  begun on hornblende and a u g i t e ,  wi th  emphasis 
on the  former s i n c e  i t  i s  f a r  more abundant than the  latter i n  
the samples. 
The e f f e c t s  of shock i n  hornblende (as ou t l ined  by o p t i c a l  
s t u d i e s )  are, with increas ing  shock pressure:  
1. Broad smooth undulatory e x t i n c t i o n ,  widely spaced de- 
formation lamellae p a r a l l e l  t o  (101) ( a t  t h i s  s t a g e  qua r t z  and 
f e l d s p a r  con ta in  abundant shock lamellae and are p a r t l y  i so t rop-  
i c ) .  
2. Mosaic undulatory e x t i n c t i o n ,  i n  p a r t  r e l a t e d  t o  cleav- 
age and f r a c t u r e ,  f i n e  lamellar twinnin6 p a r a l l e l  t o  (101) ( a t  
t h i s  s t age  qua r t z  and f e l d s p a r  are l a r g e l y  i so t rop ic ) .  
3. Mosaic undulatory e x t i n c t i o n ,  f i n e  lamellar twinning 
p a r a l l e l  t o  ( i o i )  , p lana r  f e a t u r e s  (some are f r a c t u r e s ,  some are 
i r r e g u l a r  p lanes  of i nc lus ions ,  some are of undetermined nature)  
p a r a l l e l  t o  (100) and t o  planes i n  the  zones [?Ol] and [OlO] ( a t  
t h i s  s t a g e  qua r t z  and f e l d s p a r  are completely i so t rop ic ) .  
4 .  Fragmentation of g ra ins  , s t rong  mosaic e x t i n c t i o n ,  lamel- 
lar twinning, and p l ana r  f e a t u r e s  as in  3 ( a t  t h i s  s t a g e  theto-  
morphic f e l d s p a r  g l a s s  develops vesicles along former g r a i n  bound- 
aries). 
5. Loss of green c o l o r  and b i r e f r ingence ,  g ra ins  are dus ty  
p a l e  brown, some g ra ins  show very  f i n e  mosaic e x t i n c t i o n ,  some 
show abundant decorated p l ana r  f e a t u r e s ,  and sgme show banded 
e x t i n c t i o n  v a r i a t i o n  (poss ib ly  i n  p a r t  twinning) ( a t  t h i s  s t age  
f e ldspa r  g l a s s  has flowed and i s  h ighly  v e s i c u l a r ) .  
Pre l iminary  r e s u l t s  of the  s t u d i e s  of shock e f f e c t s  i n  qua r t z  
have been publ ished (Chao, 1968). Current  i n v e s t i g a t i o n s ,  us ing  
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experimental ly  and n a t u r a l l y  shocked qua r t z ,  are aimed a t  p r e c i s e  
d e s c r i p t i o n  and ana lys i s  of (1) f e a t u r e s  of elastic deformation 
such as the  development of cleavages i n  qua r t z  corresponding t o  
t h a t  regime of behavior below the  Hugoniot e l a s t i c  l i m i t ,  (2) 
plas t ic  deformation o r  dynamic y i e ld ing  without  phase t r a n s i t i o n  
wi th in  regime I of the  Rankine-Hugoniot curve above the  Hugoniot 
elastic l i m i t ,  and (3) p a r t i a l  phase t r a n s i t i o n  of a lpha qua r t z  
t o  v i t r e o u s  s i l i c a  accompanied by ce l l  expansion of t he  "alpha" 
qua r t z ,  w i th in  regime I1 of the  Rankine-Hugoniot curve. An ad- 
d i t i o n a l  ob jec t ive  i s  i d e n t i f i c a t i o n  and ana lys i s  of t he  nuclea- 
t i o n  of high-pressure phases such as c o e s i t e  and s t i s h o v i t e  a t  
peak pressures  wi th in  regime I11 of the Rankine-Hugoniot curve 
where the  alpha quar tz  o r  v i t r i f i e d  s i l i c a  has been l a r g e l y  o r  
completely transformed t o  a metastable  high-pressure phase. 
A t  p resent  we are i n v e s t i g a t i n g  (1) the  mechanism of forma- 
t i o n  of thetomorphic s i l ica  g l a s s  without melting--a process of 
shock t h a t  seems t o  be wholly dependent on and con t ro l l ed  by the  
c r y s t a l  s t r u c t u r e ;  and (2) the  s t r u c t u r e  of shocked quar tz  wi th  
expanded c e l l  dimensions, t o  account f o r  the  ce l l  expansion as  a 
r e s u l t  of shock and t o  compare i t s  c h a r a c t e r i s t i c s  wi th  b e t a  
quar tz  and s i l i c a  rrO.l '  
A cooperat ive s tudy of high d e n s i t y  f e ldspa r  g l a s s e s  w a s  
undertaken by P. M. B e l l  (Geophys. Lab.) and E. C. T. Chao. The- 
tomorphic f e l d s p a r  g l a s ses  of above-normal d e n s i t i e s  have been 
de tec ted  i n  shocked rocks. Annealing and d e n s i f i c a t i o n  experi- 
ments have been conducted t o  determine how dense g l a s ses  a r e  
formed and how d e n s i t y  changes as a func t ion  of temperature a f t e r  
pressure  is released.  The purpose then has been t o  slow down the 
var ious  p a r t s  of the  shock-wave process f o r  c a r e f u l  observat ion 
by using s ta t ic  techniques. 
evaluated s i n c e  n a t u r a l  shock events  probably last only a few 
microseconds t o  seconds and the  a c t u a l  c h a r a c t e r i s t i c s  of meteori- 
t i c  impact ejecta w i l l  be influenced by many f ac to r s .  Some of 
these  f a c t o r s  are the  c h a r a c t e r i s t i c s  of t he  shock wave, t he  re- 
lease ad iaba t ,  and the  p a r t i c l e  s ize .  
The a c t u a l  rate process  cannot be 
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Dense p l ag ioc la se  (An and An ) and o r thoc la se  ( O r  ) 20 68 96 
g l a s ses  were synthes ized  s t a t i c a l l y  by B e l l  a t  pressures  up t o  
45 kb and temperatures over 1,000" C. Index of r e f r a c t i o n  of 
t he  th ree  f e l d s p a r  g l a s s e s  increases  l i n e a r l y  as a func t ion  of 
pressure.  The ind ices  were monitored on the  experimental  products  
f o r  6 months after culminat ion of t he  experiments,  and no changes 
w e r e  observed. Therefore ,  the  index of r e f r a c t i o n  of a g l a s s  
r ap id ly  quenched from high pressures  and temperatures could be 
used as a secondary c a l i b r a t i o n  f o r  p re s su re  and temperature. 
Af t e r  a few explora tory  experiments i t  became evident  t h a t  
t he re  are th ree  d i s t i n c t  s t ages  i n  s y n t h e t i c  anneal ing of dense 
f e l d s p a r  g lasses :  (1) change of index dur ing  hea t ing ,  (2) change 
of index while temperature remains cons t an t ,  and (3) change of 
index dur ing  cooling. The f i r s t  of these  cannot be avoided i n  
the  experiments,  a l though only  the  second and t h i r d  would occur 
i n  a n a t u r a l  shock process.  Experiments were made up t o  90 sec- 
onds du ra t ion ,  and the  e f f e c t s  were observed dur ing  the  var ious  
p a r t s  of the anneal ing cycle .  There is  n e g l i g i b l e  index lowering 
i n  the  400"-500" C range, whereas index drops t o  the  1 a t m  va lue  
i n  30 seconds a t  850" 6. 
To eva lua te  the annea l ing  e f f e c t s  caused by r i s i n g  tempera- 
t u r e s ,  the  f i r s t  p a r t  of the  anneal ing cyc le ,  rap id  quenching 
( l e s s  than 2 sec) , w a s  appl ied  t o  two mater ia ls--one An pre- 
v ious ly  synthesized a t  29.6 kb, the o the r  An , previous ly  syn- 
thes ized  a t  15 kb. S i g n i f i c a n t  anneal ing occurred dur ing  the 
f i r s t  few seconds of hea t ing ,  and g l a s s  of higher  d e n s i t y  annealed 
about twice as f a s t  as g l a s s  of lower d e n s i t y ,  even though both 
were heated a t  the  same rate. 
t i o n  of t i m e  and of temperature are both u s e f u l  parameters. 
68 y 
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Thus, changes i n  d e n s i t y  as a func- 
An e n t i r e l y  d i f f e r e n t  type of anneal ing experiment was made 
a t  high pressures  i n  o rde r  t o  s tudy the  d e n s i f i c a t i o n  process  
under s t a t i c  condi t ions.  
procedure: (1) Glass is  quenched from above the  l i qu idus  tempera- 
t u r e  a t  10 kb, (2) pressure  i s  r a i sed  t o  20 kb i n  one set of 
An68 g l a s s  was t r e a t e d  by the  fol lowing 
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experiments and t o  40 kb i n  another  set  of experiments,  (3) t em-  
pe ra tu re  is r a i s e d  t o  var ious  va lues  below the  l i qu idus  up t o  
1,100" C and he ld  f o r  10 minutes,  and ( 4 )  pres su re  and tempera- 
t u r e  are quenched. 
observed. The g l a s s e s  d i d  n o t  undergo d e n s i f i c a t i o n  below 200" 
C ,  even a t  a pressure  of 40 kb. A t  both p re s su res  d e n s i t y  rose  
s t e e p l y  up t o  800" C ,  above which the  index of r e f r a c t i o n  began 
t o  decrease s l i g h t l y .  This decrease is  more notab le  i n  the  20 
kb experiments. 
A number of r a t h e r  d i s t i n c t  f e a t u r e s  were 
This set  of experiments shows t h a t  the  d e n s i t y  of g l a s s e s  
produced a t  high pressures  w i l l  be c o n s i s t e n t  wi th  the  formation 
pressure.  The high-pressure d e n s i t y  w i l l  drop dur ing  anneal ing 
along uniform curves,  which are temperature-dependent below the  
l i qu idus ,  and w i l l  rise a t  these  temperatures i f  p re s su re  i s  
raised.  
E. C. T. Chao, E. J. Dwornik and J u d i t h  A. Boreman quant i -  
t a t i v e l y  inves t iga t ed  the  chemical he te rogenei ty  of i nd iv idua l  
t e k t i t e s .  Sch l i e ren  of d i v e r s e  composition i n  t e k t i t e s  are being 
analyzed wi th  the  e l e c t r o n  probe t o  t o  e s t a b l i s h  and c o r r e l a t e  
the chemical v a r i a t i o n  wi th  index of r e f r ac t ion .  Since the  phase 
s h i f t  between s c h l i e r e n  of d i f f e r e n t  i nd ices  nea r ly  anywhere i n  
a t e k t i t e  wafer can be measured d i r e c t l y ,  the  chemical he te ro-  
gene i ty  of i nd iv idua l  t e k t i t e s  can be examined quan t i t a t ive ly .  
Prel iminary r e s u l t s  show t h a t  a high-index s c h l i e r e n  i n  a Thailand 
t e k t i t e  i s  a l s o  high i n  s i l i ca  bu t  low i n  calcium and potassium 
and s l i g h t l y  low i n  aluminum and t o t a l  i r o n ,  con t r a ry  t o  the  bulk  
chemistry where the 'h ighe r  the  bulk  index of r e f r a c t i o n  of t he  
t e k t i t e ,  t he  lower the  s i l i ca  content.  
Thetomorphic qua r t z  g l a s s  and n i cke l - i ron  spheru les  have been 
found i n  shocked ejecta from the  Henbury craters of c e n t r a l  Aus- 
tralia. Deta i led  inves t iga t ions  by E. C. T. Chao and J. A. Bore- 
man of the  thetomorphic qua r t z  g l a s s  and qua r t z  wi th  low-index 
(shock) lamellae show the  poss ib l e  occurrence of a high-pressure 
phase,  c o e s i t e  o r  s t i s h o v i t e .  Fur ther  s t u d i e s  are being made. 
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Robin Brett completed a s tudy  of the  opaque minerals  lEound i n  
d r i l l  c u t t i n g s  recovered from depths  of as much as 650 feet below 
the  crater f l o o r  a t  Meteor Crater, Ariz. 
s i s t  of m e t e o r i t i c  Fe-Ni, g o e t h i t e ,  hemati te ,  magnetite,  and w k -  
t i t e ;  samples are contaminated by d r i l l  steel. Textures indica-  
t ive of mel t ing and rap id  c r y s t a l l i z a t i o n  are present .  
i nd ica t e s  the  geochemical evidence of me teo r i t e  impact p e r s i s t s  t o  
depths  as g r e a t  as 650 f e e t  below the  p re sen t  crater f loo r .  
The opaque minerals  con- 
The s tudy  
I n  a coopera t ive  s tudy  by D. J. Roddy and T. Ahrens (Cal i f .  
I n s t .  Technology), a s p a c i a l  sample holder  has been designed t o  
hold c r y s t a l l o g r a p h i c a l l y  o r i en ted  samples i n  p o s i t i o n  dur ing  pas- 
sage of a s i n g l e  plane shock f ron t .  The sample holder  i s  machined 
open after an  experiment,  and the  shocked sample recovered with 
the  o r i g i n a l  o r i e n t a t i o n  preserved. The choice of material f o r  
t he  sample holder  w a s  determined by matching Hugoniots wi th  t h a t  
of t he  sample material. The matching techniques involved use of 
a computer program w r i t t e n  t o  so lve  pressure  vs. p a r t i c l e  v e l o c i t y  
f o r  the  materials t o  be used. 
Experiments have been conducted wi th  calci te  c r y s t a l s  exposed 
t o  shock pressures  from 5 t o  30 kb. Pre l iminary  p e t r o f a b r i c  s tud-  
ies i n d i c a t e  t h a t  a s i g n i f i c a n t  number of : deformation lamellae 
are formed a t  the  h igher  p re s su re ,  u sua l ly  wi th  th ree  sets devel- 
oped. The types of deformation are similar t o  those observed i n  
calci te  from the  Flynn Creek s t r u c t u r e  i n  Tennessee. 
P e t r o f a b r i c ,  X-ray, thermoluminescence, i n f r a red ,  and o the r  
techniques app l i cab le  t o  s o l i d - s t a t e  deformation w i l l  be appl ied  
t o  determine the  types of c r y s t a l l i n e  deformation as a func t ion  
of shock-wave p res su re  and temperature. 
Volcanic S tud ie s  
(Cont rac t  R-66) 
P r o j e c t s  d e a l i n g  wi th  vo lcan ic  craters include s t u d i e s  of 
r o o t s  of maar craters, morphology of craters formed i n  b a s a l t s  
of d i f f e r e n t  types,  and a ca lde ra  i n  a b a s a l t  s h i e l d ;  a d d i t i o n a l  
s t u d i e s  of vo lcanic  rocks include lava  tubes i n  b a s a l t s  of t he  
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Modoc f i e l d ,  Lava Beds Nat iona l  Monument, C a l i f . ,  and r h y o l i t e  
domes a t  Mono Craters, Ca l i f .  Fieldwork was concluded a t  the  Mule 
Ear and Moses Rock diatremes,  Utah, the  Lunar Crater cha in  of ba- 
s a l t  craters, Nevada, and the  Fernandina ca lde ra ,  Galapagos I s lands .  
Fieldwork is  w e l l  advanced a t  Diamond Craters, Oreg., and a t  a 
r h y o l i t e  dome i n  the Mono Craters f i e l d .  Prel iminary work was 
begun on lava tubes,  and progress  on s t u d i e s  i n  the San Francisco 
volcanic  f i e l d ,  Arizona, and Ubehebe Crater, Calif. , is reported.  
Lunar Crater volcanic  f i e l d .  --Fieldwork i n  t h i s  area w a s  com- 
p l e t ed  i n  c o n t r a c t  year  1968. A d e t a i l e d  map of the  Quarternary 
b a s a l t  f i e l d  and the surrounding T e r t i a r y  ignimbri tes  was complet- 
ed by D. H. S c o t t  as p a r t  of a Ph. D. d i s s e r t a t i o n  and is  avail- 
a b l e  f o r  use. This map w i l l  no t  be published because the  area is  
c u r r e n t l y  being mapped a t  smaller scales by the  Spec ia l  P r o j e c t s  
Branch; S c o t t ' s  mapping w i l l  be  incorporated i n  several of the  
smaller s c a l e  maps i n  progress.  P repa ra t ion  of a f i n a l  r epor t  is 
planned f o r  c o n t r a c t  year  1969; i t  w i l l  inc lude  one o r  two page- 
s i zed  d e t a i l e d  maps showing c r i t i ca l  f i e l d  r e l a t ionsh ips .  
The Lunar Crater volcanic  f i e l d  conta ins  a wide v a r i e t y  of 
morphologic f e a t u r e s  inc luding  c inder  cones,  spa t te r -and-c inder  
cones,  and maars. Normal f a u l t s  and o the r  f i s s u r e s  provided the  
condui ts  along which the vents  developed and flows were extruded. 
A c t i v i t y  apparent ly  occurred i n t e r m i t t e n t l y  over a s t r i p  30 km 
long. The youngest flows are near  the  c e n t e r  of the  s t r i p .  There 
i s  a sys temat ic  p a t t e r n  t o  the  normal f a u l t i n g  wi th  a c e n t e r  of 
symmetry near  Lunar Crater, suggest ing a poss ib l e  deep-seated in- 
t r u s i o n  a t  the  l o c a l i t y .  The relative ages of many of the  vents  
can be determined i n  the  f i e l d .  S c o t t  f i n d s  good c o r r e l a t i o n  be- 
tween the  base-height  r a t i o  of t he  cones and t h e i r  r e l a t i v e  age,  
a r e l a t i o n s h i p  t h a t  should hold where mass t r a n s p o r t  only occurs  
down the  f l a n k s  of cones and l i t t l e  o r  no material is removed a t  
t h e i r  base. This s i t u a t i o n  apparent ly  ob ta ins  i n  the  Lunar Cra- 
ter f i e l d  and may a l s o  occur on the  Moon. 
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Ultramafic nodules are abundant i n  the  ejecta and flows around 
two of the  youngest cones i n  the  f i e l d ;  a f e w  small nodules have 
been found i n  ejecta on the  r i m s  of t h e  mars, 
l h e r z o l i t e ,  o l i v i n e - r i c h  w e h r l i t e ,  and d u n i t e  are t h e  most abun- 
dan t  rock types in  the  inc lus ion  s u i t e .  Clinopyroxene-rich wehr- 
l i t e ,  c l inopyroxeni te ,  and gabbro are a l s o  present .  The lherzo- 
l i t e ,  o l i v i n e - r i c h  wehr l i t e ,  and dun i t e  are a l l  s t r o n g l y  t o  in- 
t ense ly  deformed, and many inc lus ions  have t ex tu res  found i n  in-  
t r u s i v e  p e r i d o t i t e  bodies. A r e p o r t  on the  u l t r amaf i c  nodules i s  
being prepared by N. J. Trask. 
O l iv ine - r i ch  
Fernandina ca ldera .  --The ca lde ra  of t he  b a s a l t i c  s h i e l d  vol -  
cano Fernandina co l lapsed  i n  June 1968. One end of the  ca lde ra  
f l o o r  dropped over 300 m (Simkin and Howard, 1968). The volume 
of co l l apse  was 1 t o  2 km . Violent  explosions on June 11 w e r e  
followed by 2 weeks of high seismic a c t i v i t y  t h a t  apparent ly  ac- 
companied the  co l lapse .  Several of the  earthquakes exceeded mag- 
n i tude  5. 
much smaller than the p o t e n t i a l  of t he  co l lapse .  
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Even so ,  the  a c o u s t i c  and seismic energy re leased  w a s  
The ca lde ra  f l o o r  ( 2 . 2  x 3.9 km across)  dropped i n t o  a deep 
magma chamber along a s t e e p  e l l i p t i c a l  boundary f a u l t  co inc ident  
wi th  t h a t  a long which the  last  l a rge  ( p r e h i s t o r i c )  co l l apse  had 
occurred. Displacement increases  from 0 a t  the  northwest end of 
the  e l l i p s e  t o  over 300 m a t  the  southeas t  end, and is s l i g h t l y  
g r e a t e r  away from the w a l l s .  
s p i t e  t he  l a r g e  displacement. A t  the  w e s t  edge of t he  f l o o r ,  
though, a small block of about 1 /2  km dropped 50-150 m as an  in- 
dependent un i t .  This  small block conta ins  a new explosion crater 
and numerous fumaroles,  and ev iden t ly  dropped i n t o  a high cupola. 
Breakup of the  f l o o r  w a s  minor de- 
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The p resen t  l oca t ion  of most of the  d isp laced  magma is  un- 
known. Flank e rup t ions  on the  w e s t  and south s i d e s  o r  under the  
sea may have gone unobserved, bu t  the  only e x t r u s i v e  materials y e t  
recognized are a f l a n k  lava flow on May 2 1  and a sh  erupted on June 
11, and t h e i r  volumes are fa r  less than t h a t  of the  co l lapse .  The 
Fernandina a c t i v i t y  w a s  contemporaneous wi th  vent ing  of volcanoes 
on southern  I s a b e l a  I s l and ,  60 km t o  the  south. 
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Bend, 0reg.--The main ob jec t ive  of t h e  Bend, Oreg., p r o j e c t  
i s  t o  provide a b e t t e r  understanding of t he  r e l a t i o n s h i p  between 
the  morphology of vo lcanic  landforms and t h e i r  petrogenesis .  Guided 
by t h i s  ob jec t ive ,  p re l iminary  geologic  f i e l d  inves t iga t ions  were 
begun i n  c o n t r a c t  year  68 i n  the  Diamond craters complex i n  south- 
e a s t e r n  Oregon, approximately 60 miles south  of Burns. 
Although the  Diamond craters volcanic  f i e l d  i s  only 6 miles i n  
diameter ,  a wide v a r i e t y  of vo lcanic  landforms, such as c inde r  cra- 
ters and cones, lava p i t s  and tubes ,  maars, domes, and graben, are 
w e l l  exposed i n  vary ing  s t ages  of development and degrees  of inun- 
d a t i o n  by later volcanic  materials. Thus, t he  Diamond craters 
area provides  a n  e x c e l l e n t  oppor tuni ty  t o  s tudy morphologic varia- 
t i o n s  as a func t ion  of pe t ro log ic  and s t r u c t u r a l  charac te r .  
The Diamond craters complex i s  a small s h i e l d  volcano b u i l t  
upon a n  e s s e n t i a l l y  f e a t u r e l e s s  p la in .  
suggest  th ree  main s t ages  of e r u p t i v e  a c t i v i t y .  I n  the  f i rs t  s t age ,  
h ighly  viscous b a s a l t i c  lava poured out  r a d i a l l y  from a c e n t r a l  
vent. Cinders and ash covered much of t h i s  lava i n  the  second 
s t a g e ,  and, because these  tephra  d e p o s i t s  appear t o  have been 
e j e c t e d  from the  c e n t r a l  vent ,  they provide an  e x c e l l e n t  s trati-  
graphic  marker. During the  t h i r d ,  f i n a l  s t a g e ,  b a s a l t i c  lava 
flowed out  from l o c a l  ven t s ,  many of which are o lde r  c inde r  cra- 
ters. Doming and, i n  a t  least one case, co l l apse  were contempora- 
neous wi th  the  upwelling and outpouring of t h i s  latest  lava. Cin- 
d e r  craters and cones developed i n t e r m i t t e n t l y  between these  s tages .  
Prel iminary f i e l d  s t u d i e s ,  
To d a t e ,  a 7 1/2 minute quadrangle topographic map wi th  15 
p r o f i l e s  i n  c r i t i ca l  areas has  been compiled; these  d a t a  are per-  
t i n e n t  t o  the  morphologic s tud ie s .  Compilation of t he  prel iminary 
geologic  map on t h i s  base i s  near ing  completion, and pe t rographic  
and petrochemical s t u d i e s  are i n  progress.  
Moses Rock diatreme.--Completion of a Ph. D. t h e s i s  on the  
Moses Rock diatreme by T. R. McGetchin (McGetchin, 1968a) w a s  f o l -  
lowed i n  c o n t r a c t  year  1968 by pub l i ca t ion  of a b s t r a c t s  desc r ib ing  
s p e c i a l  a spec t s  of t he  s tudy ,  inc luding  a s t r u c t u r a l  a n a l y s i s  of 
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t he  b recc ia  t h a t  i nd ica t e s  emplacement i n  a f l u i d i z e d  state of 
s o l i d s  en t r a ined  i n  gas  (McGetchin, 1968b), and an  a n a l y s i s  of 
a n a l y s i s  of mineral  r e l a t i o n s h i p s  (McGetchin and S i l v e r ,  1968) 
t h a t  i nd ica t e s  d e r i v a t i o n  of k imber l i t e  minerals  from a s i g n i f i -  
can t  depth range i n  the  upper mantle--100 km o r  more. 
Mule Ear diatreme. - -F ie ld  mapping of the  Mule E a r  diat reme 
w a s  completed i n  May 1968 by D. E. Stuart-Alexander,  and the  geol- 
ogy i s  being compiled from aerial  photographs and a p lane tab le  map. 
The diatreme i s  a kidney-shaped mass wi th  a wide o u t e r  zone of 
predominantly downdropped sedimentary blocks,  an  i r r e g u l a r  middle 
zone of d i k e s  of r e c o n s t i t u t e d  sedimentary materials, and a n  
e longate  core  of i n t r u s i v e  materials and x e n o l i t h s  d isp laced  up- 
ward from t h e i r  o r i g i n a l  pos i t i ons .  A t  the  present  level of ex- 
posure,  the core  appears t o  be  a series of p ipes  which are un- 
doubtedly connected a t  depth and may have been connected above. 
The l a r g e s t  sedimentary blocks i n  the  p ipe  were d isp laced  
1,770 f e e t  s t r a t i g r a p h i c a l l y  downward i n  the  no r theas t  corner ,  
3,250 f e e t  a long the  e a s t - c e n t r a l  zone, 4,160 feet i n  the  north-  
w e s t ,  and about  3,800 feet i n  the  southwest. The downward d i s -  
placement w a s  accomplished mainly by g e n t l e  s top ing  because the  
blocks are no t  deformed. The areal d iscrepancies  i n  amount of 
displacement may be due t o  p ro t r ac t ed  s top ing  i n  the  south  and 
w e s t ,  o r  a later enlargement of the diatreme i n  the  nor theas t .  
Two minerals  from a g r a n i t i c  x e n o l i t h  i n  the  diatremq have 
been da ted  by the  f i s s i o n - t r a c k  technique by C. W. Naeser. The 
a p a t i t e  f i s s i o n - t r a c k  age is 28 f 3 m.y. , and the  sphene age is  
690 f 100 m.y. The a p a t i t e  age represents  the  age o f .  the  d i a -  
treme, as f i s s i o n  t r acks  were t o t a l l y  annealed by the  h e a t  as- 
soc ia t ed  wi th  emplacement of the  diatreme. The sphene l o s t  some 
of i t s  f i s s i o n  t r acks  as a r e s u l t  of the heat ing.  This p laces  
the  temperature of t he  i n t r u s i o n  between 300" and 600" C; thus ,  
the  g r a n i t i c  x e n o l i t h  could n o t  have been immersed i n  b a s i c  magma, 
and the  t r anspor t ing  and e r u p t i v e  materials must have cons i s t ed  
of a gaseous and s o l i d  o r  p a r t i c u l a t e  mixture. However, the  age 
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d a t e  of 28 & 3 m.y. corresponds wi th  t h e  potassium-argon d a t e  of 27 
m.y. repor ted  by J. I. Ziony f o r  a mine t te  from the  nearby Alhambra 
Rock, suggest ing t h a t  mine t te  magma played a r o l e  i n  the  formation 
of a l l  diatremes i n  t h i s  area. 
S i g n i f i c a n t  s t r a t i g r a p h i c  observa t ions  were made dur ing  a con- 
s u l t i n g  v i s i t  by L. C. Craig,  J. D. S t r o b e l l ,  and R. A. Cadigan. 
S t r o b e l l  i d e n t i f i e d  tuffaceous beds of t he  Brushy Basin Shale  Mem- 
b e r  of the  J u r a s s i c  Morrison Formation. 
currence of these  rocks,  which crop ou t  i n  the  San Raphael Swell ,  
Utah, has t h e r e f o r e  been extended. L. C. Cra ig  s t a t e d  t h a t  the  
diatreme i s  a l s o  of i n t e r e s t  because i t  conta ins  the  southwestern- 
most occurrence of t he  Cretaceous Burro Canyon Formation. 
The known range of oc- 
San Francisco volcanic  f i e l d .  - -Detai led comparisons of the  
b e s t  preserved cones and domes i n  the  San Franc isco  volcanic  f i e l d  
wi th  f e a t u r e s  photographed by Lunar O r b i t e r s  I V  and V were s t a r t e d  
i n  c o n t r a c t  yea r  1968, and some of t he  r e s u l t s  were publ ished 
(McCauley, 1968b). These pre l iminary  s t u d i e s  have provided new in- 
s i g h t s  i n t o  the  geology of t he  Marius H i l l s  r eg ion  of t he  Moon 
(Karlstrom, McCauley, and Swann, 1968) and i n t o  the  complex mor- 
phology of the  luna r  terrae, now being sys t ema t i ca l ly  s tud ied  as 
p a r t  of the 1:5,000,000-scale compilat ion of t he  geology of the  
lunar  e q u a t o r i a l  b e l t .  
Nunivak Is land.--Studies  of vo lcanic  rocks on Nunivak I s l and ,  
Alaska, were conducted i n  c o n t r a c t  year  1968 by T. R. McGetchin, 
J. M. Hoare, and Ivo Lucchi t ta .  Compositional r e l a t i o n s  i n  a 
micaceous l h e r z o l i t e  x e n o l i t h  (McGetchin and Hoare, 1968) i n d i c a t e  
t h a t  the  x e n o l i t h  w a s  der ived  from the  upper mantle. .Ballistics 
of the  Nanwaksjiak Crater were s tudied  by K. Rohlof. Prel iminary 
estimates of the  v e l o c i t y  and d e n s i t y  of the e rup t ing  b a s a l t  f l u i d -  
gas medium are i n  the  range of 250 t o  400 m/sec, and 0.001 t o  .009 
gm/cc, respec t ive ly .  G. W. U l l r i c h ,  has extended McGetchin's nu- 
merical hydrodynamic models of steady-flow i n  volcanic  condui ts  
t o  include b a s a l t  systems and t o  a l low f o r  t he  effect of g r a v i t y  
and o the r  parameters. Prel iminary r e s u l t s  suggest  t h a t  (1) su r face  
47 
f l u i d  v e l o c i t i e s  are nea r ly  independent of g r a v i t y  f o r  equal  water 
conten t ,  depth ,  and i n i t i a l  temperature;  (2) s u r f a c e  v e l o c i t i e s  are 
g r e a t e r  than the  l o c a l  sound speed i n  the  medium; and (3) s t a b l e  
condui t  shapes are d ivergent  upward. 
Lava tubes. --Fieldwork 'on a lava tube p r o j e c t  was begun by 
K. A. Howard. Tubes form as channels i n  pahoehoe lava, and l a r g e  
co l lapsed  tubes are similar i n  appearance t o  luna r  s inuous rilles. 
To d a t e ,  mapping a t  1:5,000 scale is about  ha l f  completed on f o u r  
tube systems i n  the  Modoc b a s a l t  of Lava Beds Nat iona l  Monument, 
i n  no r theas t e rn  Cal i forn ia .  Each begins a t  a low-rimmed subsidence 
crater and is p a r t l y  col lapsed.  One ' tube is 9 m i l e s  long; i t s  gra- 
d i e n t  averages 1.25" and is  less than 0.3" i n  i t s  lower reaches.  
Another has a complex, ramifying pa t t e rn .  The broades t  tube found 
has a co l lapsed  c ross - sec t iona l  area of approximatkly 20,000 sq. 
f t .  Despi te  a sub-hor izonta l  cool ing  su r face  a t  the  s u r f a c e  of the  
flow, many of the  l a r g e r  tubes are s u r p r i s i n g l y  narrow and deep. 
The mechanics of channel formation, lava dra inage ,  and co l l apse  of 
each system are being s tudied .  
The fol lowing f e a t u r e s  are common i n  the  lava tubes s tud ied ;  
t h e i r  presence i n  lunar  sinuous r i l les  would he lp  t o  e s t a b l i s h  the  
o r i g i n  of the  r i l les:  (1) Many, perhaps most, tubes begin a t  low- 
r i m e d  subsidence craters a top  low b a s a l t  sh i e lds .  Others have 
c inde r  cones, s p a t t e r  cones,  o r  f i s s u r e s  as t h e i r  source,  and some 
tubes are only developed f a r  from the  source of  t h e i r  flow. 
Tubes gene ra l ly  are centered on a broad low r idge  corresponding t o  
the  t h i c k e s t  p a r t  of the  flow. (3) Tubes are gene ra l ly  c e n t r a l  
i n  a flow, bu t  late f low-uni t  boundaries may c ross  the  roof of a 
(2) 
tube. ( 4 )  Some tubes branch and r e j o i n  complexly; on the  o the r  
hand, many remain as a s i n g l e  channel throughout t h e i r  length. 
Tubes seldom c o l l a p s e  completely,  so t h a t  b r idges  of i n t a c t  roof 
are common between t rench  segments. (6) Up- t i l t ed  r i m s  surround 
some tube co l lapses .  (7) Longi tudinal  r i dges  are common i n s i d e  
t renches t h a t  are col lapsed  tubes;  they r ep resen t  hogbacks of in- 
ward - t i l t ed  s l a b s  broken away from the  w a l l .  
(5) 
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Volcanic domes.--As p a r t  of a comparative s tudy  of lunar  and 
terrestrial volcanic  domes, E. I. Smith mapped a r h y o l i t e  dome i n  
t h e  nor thern  p a r t  of the  Mono Craters cha in ,  C a l i f o r n i a ,  f o r  a 
d o c t o r a l  d i s s e r t a t i o n  a t  the  Univers i ty  of New Mexico. Research 
is a l s o  being conducted t o  develop cri teria f o r  t he  r ecogn i t ion  
of vo lcanic  domes on the lunar  su r face  and t o  determine lunar  dome 
d i s  t r i b u  t ion. 
The r h y o l i t e  dome, mapped dur ing  the  summer of 1968, is 1,200 
f e e t  i n  diameter a t  the  base and 200 f e e t  high. A t e r raced  ex- 
p los ion  crater 600 f e e t  i n  diameter and 150 f e e t  deep is  p resen t  
a t  the summit. The p e t r o f a b r i c s  and petrography of the  dome rocks 
are now being s tudied.  Prel iminary r e s u l t s  i n d i c a t e  t h a t :  (1) 
The gross  s t r u c t u r e ,  based on f o l i a t i o n ,  i s  t h a t  of a funnel  tilt- 
ed t o  the  east. (2)  There are two main sets of f r a c t u r e s :  one 
concent r ic  wi th  the  crater r i m  dipping outward and one r a d i a l  t o  
the crater dipping a t  high angles.  
a b l y  r e l a t e d  t o  the  crater-forming event.  (3)  Abundant a l k a l i  
f e ldspa r  m i c r o l i t e s  are s t rong ly  a l ined  i n  the  d i r e c t i o n  of flow. 
Small amounts of b i o t i t e  and opaque material are a l s o  present .  
The groundmass is a s t rong ly  flow banded, h ighly  ves i cu la t ed  g l a s s  
showing t e x t u r a l  d i f f e rences  between the  broader flow bands; these  
d i f f e rences  inc lude  the  d e n s i t y  of m i c r o l i t e  packing, d i scon t inu i -  
ties of f e l d s p a r  o r i e n t a t i o n  a t  band i n t e r f a c e s ,  and a decrease 
i n  the  degree of v e s i c u l a r i t y  i n  denser  bands. 
These f r a c t u r e  sets are prob- 
Prel iminary work suggests  t h a t  s m a l l  t o  in te rmedia te  s i zed  
(less than 3 m i l e s  diameter) terrestrial impact and volcanic  cra- 
ters can be d i s t ingu i shed  on the  b a s i s  of t h e i r  log depth  t o  log  
diameter r e l a t ionsh ip .  Applying t h i s  r e l a t i o n s h i p  t o  the summit 
p i t s  of lunar  domes w i l l  a i d  i n  recogni t ion  of vo lcanic  domes. 
Lunar Orb i t e r  photographs are being surveyed t o  determine the 
d i s t r i b u t i o n  of vo lcanic  domes. Over 100 new domes have been d i s -  
covered thus f a r .  
Ubehebe Crater.--Many samples of s h a t t e r e d  and f r a c t u r e d  
q u a r t z i t e  wal l rock from Ubehebe Crater, a volcanic  f e a t u r e ,  were 
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examined wi th  a un ive r sa l  s t a g e  microscope. Deformation f e a t u r e s  
of t he  types observed a t  me teo r i t e  impact craters were looked f o r  
b u t  none were found, which suggests  t h a t  p re s su res  generated dur- 
ing formation of t h i s  crater were less than  those a t  me teo r i t e  im- 
p a c t  s i tes of comparable s i z e .  
Missile Impact Craters 
(Contract  R-66) 
Eight  missile impact craters and e i g h t  explosion craters were 
mapped ( d a t a  tabula ted  below) , and pass ive  seismic s t u d i e s  were 
continued. The r e s u l t s  of remote sens ing  s t u d i e s  
Target  dens i ty  
Taraet (nfcm3) 
1. Alluvium, 
gypsiferous 1. 36 
2. Sand, gypsum 1. 35 
3. Do. 1.35 
4. Gypsum lake beds d1.98 
5. Alluvium with 
s u b s t r a t e  of 
coarse  deb r i s  1.54 
6. Gypsum lake beds 1.85 
7. Do. 
8. Do. 
1.80 
1.80 
Missile impact c r a t e r s  
Kinet ic  energy Impact 
(1014 ergs) annle 
14.4 47.50 
14.4 47.50 
14.4 47.5" 
6.45 obl ique 
2.09 60.6" 
23.2 46.2" 
24.1 
23.5 
R i m  
diameters 
imeters) 
5.4-6.0 
5.2-6.2 
5.8-6.2 
3.28 
2.4-2.6 
7.3-7.4 
46.2" 7.2-7.5 
46.2O 7.3-7.4 
were repor ted  
Moisture content  
( i n  percent) 
=5 
-1 
-7 
=6- 7 
=el 
6-7 near surface.  
12-13 a t  depth 
of a few me- 
ters 
Do. 
Do. 
Explosion c r a t e r s  
Target  Charge Depth of Approximate 
dens i ty  w i g h t  b u r i a l  energy r e l ease  R i m  diameter  
TarRet &/cm3) (Ibf (cm) (1014 ergs)  (meters) 
1. Alluvium with 
s u b s t r a t e  of  
coarse  d e b r i d '  1.54 5 25 0.95 2.2-2.3 
2. Do. 1.54 10 16 1.9 2.2-2.7 
3. Do. 1.54 10 33 1.9 2.8-2.9 
4. Do. 1.54 10 66 1.9 3.2-3.3 
5. Do. 1.54 20 4 1  3. a 3.5-3.6 
6. Do. 1.54 5 25 0.95 2.2-2.3 
7. Alluvium, clayey 2.07 75 102 14.0 4.5-4.7 
8. Alluvium with 
some coarse 
fragment& =I. 5 20 48 3. a 3.4-3.7 
'Same maLerial as t h a t  i n  which c r a t e r  No. 5 w a s  excavated by missile impact. 
'Material similar t o  t h a t  of explosion c r a t e r s  Nos. 1-6. 
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(Moore, Kachadoorian, and McCauley, 1968), and a r e p o r t  descr ib-  
ing the r e s u l t s  of s t u d i e s  of t renches c u t  through fou r  craters 
w a s  prepared. The accompanying graph compares k i n e t i c  energ ies  
of missiles wi th  the  diameters  of t he  craters they produced, and 
energy releases of explos ives  wi th  diameters  of explosion craters. 
Ass is tance  i n  de tona t ing  the explosives  and d a t a  on the k i n e t i c  
energ ies  and angles  of impact of the  missiles were furn ished  by 
the  Commanding General,  White Sands Missile Range, N. Mex. 
A missile impact w a s  used t o  test pass ive  seismic equipment 
designed f o r  use on the Moon. The tes t ,  which w a s  conducted by 
D r .  G. V. Latham of Lamont Geological Observatory,  Columbia Uni- 
v e r s i t y ,  Pa l i s ades ,  N. Y. , w a s  successfu l .  The explosion c r a t e r s  
mapped were produced during c a l i b r a t i o n  of the equipment. These 
tests w i l l  cont inue using new l ight-weight  equipment. 
Addi t iona l  evidence w a s  obtained on the r e l a t i o n  between 
water content  and s i z e  of craters i n  porous t a r g e t  materials. 
The same missiles produce l a r g e r  c r a t e r s  i n  w e t  t a r g e t  materials 
than i n  dry. Crater volumes i n  t a r g e t s  conta in ing  about 25 per- 
c e n t  water are about  s i x  times l a r g e r  than i n  d ry  materials; cra- 
ter volumes i n  t a r g e t s  conta in ing  about 12 percent  water are 
seve ra l  times l a r g e r  than i n  d r y  materials. 
Di f fe rences  i n  s i z e s  of c r a t e r s  i n  w e t  and d ry  materials prob- 
ab ly  r e s u l t  from d i f f e rences  i n  compress ib i l i t y  and p o s i t i v e  pore 
pressures  which reduce the  e f f e c t i v e  s t r e n g t h  of t he  t a rge t .  These 
d i f f e rences  are r e f l e c t e d  i n  the  morphology of the  c r a t e r s  and i n  
t h e i r  e j e c t a .  Craters i n  w e t  t a r g e t  materials have a continuous 
r i m ,  and t h e i r  ejecta con ta in  few t o  no fragments of.compressed 
t a r g e t  material. Craters i n  d ry  porous t a r g e t  materials are r i m -  
less on the  "up" t r a j e c t o r y  s i d e  ( s i d e  from which the  missile comes) 
and fragments of compressed t a r g e t  material are abundant i n  t h e i r  
ejecta. Such evidence suggests  t h a t  i r r e v e r s i b l e  energy lo s ses  
r e s u l t i n g  from compression might be lower f o r  w e t  t a r g e t s  than 
d r y  t a rge t s .  The e f f e c t i v e  s t r e n g t h  of w e t  t a r g e t  materials i s  
s u b s t a n t i a l l y  reduced because of p o s i t i v e  f h i d  pressure  t h a t  
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develops due t o  impact, and the  r e s u l t i n g  crater is l a r g e r  than i t  
would have been i f  t he  material were dry. Thus, both i r r e v e r s i b l e  
h e a t  l o s ses  and f l u i d  p re s su res  could account f o r  the  s i z e  d i f f e r -  
ences of impact craters i n  w e t  and d ry  t a rge t s .  
Experimental Impact Inves t iga t ions  
Impacts wi th  sand.--Studies of ver t ical  impacts of long rods 
wi th  f i n e  sand a t  v e l o c i t i e s  between 200 and 700 cm/sec show t h a t  
the dynamic r e s i s t a n c e  i s  propor t iona l  t o  the  pene t r a t ion  of the  
p r o j e c t i l e .  Time-penetration h i s t o r i e s ,  recorded by a high-speed 
camera, may be divided i n t o  two pa r t s :  (1) an  i n i t i a l  per iod 
cha rac t e r i zed  by a l a r g e  t r a n s i e n t  d e c e l e r a t i o n ,  and (2) a f i n a l  
per iod cha rac t e r i zed  by a l i n e a r  increase  i n  dece le ra t ion  t o  the  
f i n a l  pene t r a t ion  depth. The dece le ra t ion  of the  pene t r a t ing  rod 
during the f i n a l  per iod is c o n s i s t e n t  wi th  previous experimental  
d a t a  on pene t r a t ion  and earlier i n t e r p r e t a t i o n s  of d a t a  on impacts 
of low-velocity rods wi th  sand (Moore, 1967). 
I n i t i a l  l a r g e  t r a n s i e n t  dece le ra t ion  becomes more important ,  
however, a t  higher  v e l o c i t i e s  and f o r  impacts of s h o r t  rods o r  
spheres.  For t h i s  reason, impacts of spheres  with sand are being 
inves t iga ted .  Prel iminary s t u d i e s  of impacts of 21-cm diameter 
cement spheres  wi th  sand a t  v e l o c i t i e s  between 100 and 1,080 cm/sec 
i n d i c a t e  t h a t  t he  r a t i o  of the  k i n e t i c  energy a t  impact t o  the  
volume of the  sand d isp laced  is d i r e c t l y  p ropor t iona l  t o  the  im-  
p a c t  v e l o c i t y  a t  the  h ighes t  v e l o c i t i e s  and nea r ly  cons t an t  a t  
the lowest v e l o c i t i e s .  The magnitude of the  r a t i o  of k i n e t i c  en- 
e rgy  t o  volume d isp laced  a t  the lowest v e l o c i t i e s  is nea r ly  the 
same, b u t  s l i g h t l y  less than, the s t a t i c  bear ing  capac i ty  computed 
us ing  Terzaghi 's  bear ing  capac i ty  equation. Fur ther  work is being 
conducted t o  appra i se  the  effect  of sphere s i z e  f o r  low-velocity 
impacts 
Water-drop craters. --Studies of t r a n s i e n t  c r a t e r s  produced 
by water drops f a l l i n g  on water show t h a t  s i g n i f i c a n t  amounts of 
energy are p resen t  as k i n e t i c  energy i n  a c y l i n d r i c a l  wave which 
surrounds the  crater when i t  has reached i t s  maximum size.  A t  
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maximum s i z e ,  about 80 t o  90 percent  of the  i n i t i a l  drop k i n e t i c  
energy can be accounted f o r  as p o t e n t i a l  energy, su r f ace  energy, 
and k i n e t i c  energy of the outwardly expanding c y l i n d r i c a l  wave. 
The energy p a r t i t i o n i n g  changes wi th  v e l o c i t y  and crater s i ze .  
For craters produced by 14 mil l igram drops wi th  v e l o c i t i e s  near  
155 cm/sec, su r face  energy is the  most important energy s ink ;  
whereas p o t e n t i a l  energy is the  most important energy s i n k  a t  ve- 
l o c i t i e s  near  566 cm/sec. 
c y l i n d r i c a l  wave increases  wi th  increas ing  drop v e l o c i t y  and may 
exceed t h a t  of su r f ace  energy f o r  the h ighes t  v e l o c i t i e s .  
The percentage of k i n e t i c  energy i n  the  
Explosion Crater Inves t iga t ions  
Chemical explosion craters i n  alluvium a t  the S u f f i e l d  Experi-  
mental S t a t i o n ,  A lbe r t a ,  are being s tudied  by D. J. Roddy and per-  
sonnel  of Canada's Defence Research Establ ishment ,  
D i s t a n t  P l a i n  6 crater . - -Detonat ion of a 100-ton TNT sphere 
tangent  t o  the  ground s u r f a c e  formed a crater about 30 m i n  diam- 
e te r  and 5.5 m deep i n  unconsolidated f l a t - l y i n g  alluvium and la- 
c u s t r i n e  sediments. A well-def ined c e n t r a l  mound about  2 m high 
occupied the e n t i r e  crater f l o o r  and contained beds s t r u c t u r a l l y  
u p l i f t e d  3 t o  5 m. Excavations showed t h a t  t he  i n t e r n a l  s t r u c t u r e  
of the  mound w a s  nea r ly  i d e n t i c a l  wi th  t h a t  i n  a 100 m diameter  
crater (Snowball) produced by a 500-ton TNT hemisphere. R i m  u p l i f t  
and f a u l t s  and f o l d s  concent r ic  t o  the c r a t e r  are comparable i n  
p o s i t i o n  and type t o  deformation i n  the  r i m s  of Flynn Creek Crater. 
Most of the  ejecta and f a l l b a c k  c o n s i s t  of sheared blocks produced 
by compression of the  upper meter of s o i l .  A f i n a l  r e p o r t  and ge- 
o log ic  map have been completed and w i l l  be submitted f o r  publ ica-  
t i o n  upon f i n a l  c learance  by the  U.S. Government. 
P r a i r i e  F l a t  crater . - -Detonat ion of a 500-ton TNT sphere tan- 
gent  t o  the  ground su r face  produced a crater wi th  a broad, f l a t  
c e n t r a l  u p l i f t ,  concent r ic  r i n g  f o l d s  on the  crater f l o o r ,  r i m  
fo ld ing  accompanied by high- and low-angle f a u l t s ,  a l a r g e  over- 
turned f l a p ,  and a continuous ejecta blanket .  The crater is about 
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6 1  m i n  diameter and about 5 m deep. 
graphic  conf igura t ion  i s  remarkably similar t o  c e r t a i n  l a r g e  ter- 
restrial impact craters. Geologic mapping has def ined the  major 
ejecta types and u n i t s ,  asymmetries of t he  ejecta b lanket ,  and 
the  a s soc ia t ed  f i r e b a l l  burn pa t te rn .  
formed from the  s o i l  horizon immediately below the  TNT charge and 
were d i s t r i b u t e d  as f a l l o u t .  Pervasive f r a c t u r e  systems beneath 
the  c r a t e r  f l o o r  allowed water t o  flow t o  the  su r face  and l o c a l i z e  
sand cones t h a t  p a r t l y  f i l l e d  the lower p a r t  of the crater. The 
o r i g i n a l  ground su r face  now d i p s  20" t o  30" toward the  crater. A 
l a rge  overturned f l a p  o v e r l i e s  the r i m  and conta ins  continuous 
u n i t s  of interbedded sand and c l ay  ly ing  i n  a n  inver ted  p o s i t i o n ;  
t h i s  extends f o r  a crater diameter ( 6 1  m) from the crater r i m  as 
a hummocky un i t .  
The s t r u c t u r a l  and topo- 
Fused c l a y  p a r t i c l e s  were 
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PART C. COSMIC CHEMISTRY BND PETROLOGY 
Chemistry of Cosmic and Related Materials 
(Contract  R-66) 
The e f f o r t s  of t h i s  p r o j e c t  have been devoted mainly t o  the  
following: ( 1) Col labora t ive  and independent chemical inves t i ga -  
t i o n s  and research  relative t o  crater inves t iga t ions ,  impact meta- 
morphism, volcanic  s t u d i e s  , geochemical c h a r a c t e r i s t i c s  of the  
mantle,  me teo r i t e s ,  t e k t i t e s  (emphasis on minor and rare e a r t h  
abundances as c l u e s  t o  the  o r i g i n  of pa ren t  materials, Le.  , ig-  
neous o r  sedimentary) , and geochemistry of magmatic d i f f e r e n t i a -  
t i o n ;  (2)  s t rengthening  and broadening the  Branch's microchemical 
c a p a b i l i t y  and p o t e n t i a l ,  p a r t i c u l a r l y  i n  the  areas of X-ray f l u -  
orescence spectroscopy,  emission spectroscopy, atomic absorp t ion  
spectrometry,  gas chromatography, and r a d i o a c t i v a t i o n  a n a l y s i s ;  
and (3)  i nv i t ed  con t r ibu t ions  t o  re ference  textbooks. 
-* 
Var ia t ion  of geochemically coherent  p a i r s  i n  igneous s u i t e s  
w e r e  s tud ied  by D. L. G o t t f r i e d ,  L. P. Greenland, and E, Y. Camp- 
b e l l  (1968). Concentrations of Nb, Ta ,  Z r ,  Hf, Thy U, and C s  have 
been determined i n  samples of igneous rocks represent ing  the  d i a -  
base-granophyre s u i t e s  from Di l l sburg ,  Pa . ,  and Great Lake, Tas- 
mania . 
Niobium and tantalum show a th ree  t o  fou r fo ld  increase  with 
d i f f e r e n t i a t i o n  i n  each of the  s u i t e s .  The c h i l l e d  margin of the  
Great Lake i n t r u s i o n  conta ins  ha l f  as much niobium and tantalum 
(5.3 and 0.4 ppm, respec t ive ly)  as the  c h i l l e d  b a s a l t  from D i l l s -  
burg (10 and 0.9 ppm, respec t ive ly) .  The twofold d i f f e r e n c e  be- 
tween the  s u i t e s  is  c o r r e l a t e d  with d i f f e rences  i n  t h e i r  t i t an ium 
content .  The average Nb/Ta r a t i o s  f o r  each s u i t e  are similar: 
13.5 f o r  the Great Lake s u i t e ,  and 14.4 f o r  the  Di l l sbu rg  s u i t e .  
The zirconium content  of the two s u i t e s  is  e s s e n t i a l l y  the 
same and increases  from 50-60 ppm i n  the  c h i l l e d  margins t o  240- 
300 k ppm i n  the  granophyres. Hafnium content  is low i n  the  e a r l y  
formed rocks (0.5-1.5 ppm) and achieves a maximum i n  the  granophyres 
(5-8 ppm). 
s ive d i f f e r e n t i a t i o n .  
The Zr/Hf r a t i o  decreases  Erom 68 t o  33 with progres- 
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I n  the Di l l sbu rg  s u i t e ,  thorium and uranium increase  from 
2.6 and 0.6 ppm, r e spec t ive ly ,  i n  the  c h i l l e d  samples t o  11.8 and 
3.1 ppm i n  the  granophyres. The c h i l l e d  margin of t he  Great Lake 
s u i t e  conta ins  3.2 ppm thorium and 9.8 ppm uranium; the  grano- 
phyre conta ins  11.2 ppm thorium and 2.8 ppm uranium. The average 
Th/U r a t i o s  of t he  Di l l sbu rg  and Great Lake s u i t e s  are n e a r l y  the  
same--4.l and 4.4,  respec t ive ly .  Within each s u i t e  the  Th/U ra- 
t i o  remains q u i t e  constant .  
Cesium and the K / C s  r a t i o  do not  vary  sys t ema t i ca l ly  i n  the  
Di l l sbu rg  s u i t e ,  poss ib ly  because of r e d i s t r i b u t i o n  o r  loss of 
cesium by complex geologic  processes.  Except f o r  the  c h i l l e d  mar- 
g i n  of the  Great Lake s u i t e ,  the v a r i a t i o n  of C s  and the  K/Cs  ra- 
t i o  are i n  accord wi th  t h e o r e t i c a l  cons idera t ions .  Cesium in- 
creases from about 0 .6  ppm i n  the lower zone t o  3.5 ppm i n  the  
granophyre; t he  K / C s  r a t i o  ranges from 10 x lo3 i n  the  lower zone 
t o  6 x 10 i n  the  granophyre. 3 
A comparison of the abundance of some of these  elements is 
made wi th  those reported on oceanic t h o l e i i t e s  from the  A t l a n t i c  
and P a c i f i c  Oceans. Trace elements wi th  l a r g e  ion ic  r a d i i  (Thy 
U, C s )  are p resen t  i n  s i g n i f i c a n t l y  g r e a t e r  concent ra t ions  i n  the  
two con t inen ta l  t h o l e i i t i c  series than i n  the oceanic  t h o l e i i t e s .  
However, t h i s  does not  seem t o  be t r u e  f o r  l i t h o p h i l i c  elements 
of smaller i o n i c  r a d i i  (Z r  and Nb). These trace element d i s t r i -  
bu t ion  p a t t e r n s ,  when considered wi th  o the r  minor element and 
i s o t o p i c  s t u d i e s ,  i n d i c a t e  t h a t  (1) c r y s t a l  contamination does 
no t  e n t i r e l y  account f o r  d i f f e rences  between c o n t i n e n t a l  and 
oceanic  t h o l e i i t e s ,  and (2)  the  oceanic  t h o l e i i t e s  do no t  neces- 
s a r i l y  d e l i m i t  the  geochemical c h a r a c t e r i s t i c s  of the  mantle. 
Phosphorus, wi th  a n  abundance of 0 . X  weight percent  i n  ba- 
salts, is  s t rong ly  concentrated i n  the  r e s i d u a l  l i q u i d  relative 
t o  s i l icate  and oxide minerals  and provides a d i r e c t  measure of 
t he  amount of c r y s t a l l i z a t i o n  of b a s a l t i c  l i q u i d s ,  as found by 
A. T. Anderson and L. P. Greenland (1968). Phosphorus conten ts  
of phenocrysts and g l a s s  o r  groundmass from Hawaiian suba lka l ine  
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b a s a l t s ,  determined by neutron a c t i v a t i o n  and e l e c t r o n  microprobe 
a n a l y s i s ,  y i e l d  the  following f r a c t i o n a t i o n  f a c t o r s  (P  i n  g l a s s  
of groundmass/P i n  mineral) : Oliv ine  = 30, Pyroxene = 140, p la -  
g ioc l a se  = 60, i lmeni te  = 20. Modal proport ions of these  minerals  
i n d i c a t e  a bulk f r a c t i o n a t i o n  f a c t o r  of about 80. These f a c t o r s  
are l a rge  enough so  t h a t  t he  f a c t o r  by which phosphorus increases  
i n  the  l i q u i d  dur ing  f r a c t i o n a l  o r  equi l ibr ium c r y s t a l l i z a t i o n  is 
numerically c l o s e l y  equal  t o  the  r ec ip roca l  of the f r a c t i o n  of 
1 iquid remaining. 
Phosphorus f r a c t i o n a t i o n  f a c t o r s  provide a b a s i s  f o r  quant i -  
tative comparison of t he  v a r i a t i o n  of major and minor elements 
during the c r y s t a l l i z a t i o n  of var ious b a s a l t  l iqu ids .  Other mea- 
su res  of c r y s t a l l i z a t i o n ,  such as the  mafic index, do no t  permit 
such comparisons because they are a f f e c t e d  by changes in  the  com- 
p o s i t i o n  of the  l iqu id .  
A combined chemical X-ray f luorescence method w a s  descr ibed 
by H. J. Rose and F. C u t t i t t a  (1968a) f o r  determining r a re -ea r th  
elements i n  s m a l l  amounts of complex r a re -ea r th  minerals and mate- 
rials of as t rogeologic  i n t e r e s t .  These elements y i e l d  a complex 
X-ray spectrum i n  which many of the a n a l y t i c a l  emission La, l i n e s  
of a given element coincide with the L and(or) L l i n e s  of a 
l i g h t e r  r a r e - e a r t h  element several atomic numbers removed. The 
proposed a n a l y t i c a l  scheme c o r r e c t s  f o r  these  in te r fe rences .  Six- 
teen elements cons i s t ing  of t he  lanthanides ,  y t t r ium,  and scandium 
can be determined on as l i t t l e  as a 1-mg por t ion  of t he  separa ted  
oxides. The oxides are d isso lved  i n  1 m l  of d i l u t e  a c i d ,  absorbed 
onto c e l l u l o s e  powder, and pressed i n t o  a p e l l e t  f0r .X-ray exc i t a -  
t ion.  Chemically analyzed geologic s tandards  are no t  requi red  f o r  
ca l ib ra t ion .  
- 
P Y 
Comprehensive and accu ra t e  d a t a  on the  relative and absolu te  
abundances of the  elements are c r i t i c a l  t o  a b e t t e r  understanding 
of t he  p r i n c i p l e s  governing t h e i r  c r u s t a l  d i s t r i b u t i o n  and m i -  
g r a t i o n  processes.  Many geochemically coherent  p a i r s  o r  groups 
of elements (e.g. ,  the  halogens and the rare ea r ths )  are d i f f i c u l t  
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t o  determine chemically. 
cal and X-ray f luorescence techniques have been developed [F. 
C u t t i t t a  and H. J. Rose (1968)l no t  only t o  determine these  ele- 
ments r a p i d l y  and accu ra t e ly ,  bu t  a l s o  t o  provide t o t a l  analyses  
of mil l igram q u a n t i t i e s  of rare e x t r a t e r r e s t r i a l  and terrestrial 
specimens. One of these methods ( so lu t ion -d i lu t ion )  i s  v i r t u a l l y  
f r e e  of matrix e f f e c t s  and is  adaptable  t o  the  ana lys i s  of t r a c e  
o r  major cons t i t uen t s .  These methods have proven inva luable  i n  
the  microdetermination of Sc ,  Y, and the  ind iv idua l  r a re -ea r th  
elements i n  minerals  o r  rare-earth sepa ra t e s  on as l i t t l e  as 1 
mg of t o t a l  sample. Other app l i ca t ions  have been the  determina- 
t i o n  of i ron  i n  s i l i c a t e s  of as t rogeologic  i n t e r e s t ,  and t o t a l  
ana lys i s  of small amounts of chromium, s u l f i d e ,  and carbonate 
minerals.  
Microanaly t ica l  methods combining chemi- 
A new approach t o  so lv ing  matrix problems i n  X-ray f luo res -  
cence ana lys i s  of t r a c e  elements has been appl ied  by F. C u t t i t t a  
and H. J. Rose t o  bromine i n  s a l i n e  waters and z inc  i n  s i l i c a t e s .  
The method r equ i r e s  no p r i o r  knowledge of t he  chemical composi- 
t i o n  of the  sample. Marked matr ix  e f f e c t s  are minimized by d i l u -  
t i o n ,  and the  problem of v a r i a b l e  backgrounds due t o  r e s i d u a l  
matr ix  e f f e c t s  is solved by using a s lope - ra t io  technique. The 
s lope  of a s tandard curve prepared from pure s o l u t i o n s  is com- 
pared wi th  t h a t  of spiked samples. The r a t i o  of the  s lopes  per- 
m i t s  the  c a l c u l a t i o n  of an  adjusted background which does not  
s i g n i f i c a n t l y  d i f f e r  from t h a t  of an absorbent  impregnated with 
the  sample matr ix  f r e e  of t he  element sought. The e x c e l l e n t  
agreement of the  z inc  and bromine d a t a  wi th  a n a l y t i c a l  r e s u l t s  
obtained by o t h e r  methods suggests  t h a t  the  technique can be used 
f o r  determining o the r  t r a c e  cons t i t uen t s  i n  terrestrial and extra- 
terrestrial materials. Applicat ion of the  s lope - ra t io  technique 
t o  o the r  modes of instrumental  ana lys i s  appears f eas ib l e .  
A neutron a c t i v a t i o n  procedure s u i t a b l e  f o r  the rou t ine  de- 
terminat ion of tantalum and hafnium i n  silicates w a s  descr ibed 
by L. P. Greenland (1968b). The i r r a d i a t e d  sample is fused wi th  
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sodium peroxide and leached, and the  in so lub le  hydroxides are d i s -  
solved i n  d i l u t e  hydrof luor ic  acid-hydrochlor ic  acid.  
and AgCl scavenges, tantalum and hafnium are separa ted  by anion 
exchange. Tantalum i s  obtained radiochemical ly  pure;  233Pa and 
95Zr  contaminants i n  t h e  hafnium f r a c t i o n  are resolved by gamma 
ray  spectrometry. The chemical y i e l d  of the  procedure is d e t e r -  
mined a f t e r  counting by r e - i r r a d i a t i o n .  Values f o r  the  e i g h t  
U. S. Geological  Survey s-tandard rocks were reported.  
A f a s t  coincidence-counting technique has been used by L. P. 
Greenland (1968a) t o  s impl i fy  the  de te rmina t ion  of c o b a l t  and 
cesium i n  s i l icate  rocks. 
i t y  is  counted d i r e c t l y  i n  t h e  sample with no chemical separa t ions .  
Cs134 a c t i v i t y  is counted a f t e r  a r ap id  chemical s e p a r a t i o n  from 
scandium. Analyses of e i g h t  U. S. Geological Survey s tandard  
rock r e fe rence  samples by t h i s  technique have been presented. 
Af t e r  LaF3 
Afte r  neutron i r r a d i a t i o n ,  Co60 a c t i v -  
T e k t i t e  Analyses.--Out of 112 h igh-prec is ion  chemical analy- 
ses of t e k t i t e s ,  70 were s e l e c t e d  from the  Aus t r a l a s i an  strewn 
f i e l d .  Each t e k t i t e  is analyzed f o r  11 major oxides (S i02 ,  A1203, 
Fe203, FeO, MgO, CaO, Na20, K 0, Ti02, T205 and MnO), and 21  minor 
elements, (Pb, Ag, Cu, G a y  C s ,  Rb, L i ,  Mn, C r y  B y  Coy N i ,  B a y  S r ,  
V,  B e ,  Nb, Sc, La,  Y, and Z r ) .  The analyses  were made by Frank 
C u t t i t t a ,  M. K. Carron, and C. S. Annell. The chemical d a t a  are 
being reduced and analyzed s t a t i s t i c a l l y  by A. T. Miesch and John 
Conner, and w i l l  be i n t e r p r e t e d  by E. C. T. Chao and these con- 
t r i b u t o r s .  Among the samples analyzed, 8 j a v a n i t e s  and 2 a u s t r a l -  
ites of high s p e c i f i c  g r a v i t y  were submitted f o r  a n a l y s i s  by Dean 
Chapman. 
2 
The 70 new analyses  show t h a t  among the Aus t r a l a s i an  t e k t i t e s ,  
var ious  chemical groups can be d is t inguished:  
MgO/SiO, x 100 CaO/Si02 x 100 MgO/CaO 
Thailand t e k t i t e s  ( 12) 2.34-3.11 2.31-2.88 0.94- 1.23 
Indochin i tes  (18) 2.89-4.24 2.39-2.78 1.11-1.58 
P h i  1 ipp i n i  t es (17) 2.66-4.13 3.73-5.55 0.49 - 1.04 
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MgO/Si02 x 100 CaO/Si02 x 100 MgO/CaO 
Javan i  t es ( 15) 
Group A 3 .87-5 .24  3 .03 -4 .03  1 .10-1 .36  
Group B 4 .95-12 .34  3 . 5 6 - 5 . 8 1  1.39-2.77 
Aus tralites ( 8) 
Group A 1.72-2 .40  2 .87-4 .05  0 .59 -0 .75  
Group B 2 .32-2 .72  5 . 3 8 - 7 . 8 1  0 . 3  1-0.48 
Group C 5 . 9 9 - 6 . 7 1  5 . 0 8 - 7 . 4 6  0 . 8 0 - 1 . 3 2  
The se l ec t ed  Thailand t e k t i t e s  wi th  7 1 . 1  t o  7 4 . 4  wt.  percent  
s i l ica are charac te r ized  by a near ly  equal  amount of low magnesia 
and l i m e .  The analyzed indochin i tes  wi th  7 2 . 3  t o  7 6 . 5  w t .  percent  
s i l ica  are charac te r ized  by g r e a t e r  magnesia than l i m e .  
t he  se l ec t ed  p h i l i p p i n i t e s  wi th  6 9 . 1  t o  7 4 . 2  wt.  percent  s i l ica  
are cha rac t e r i zed  by g r e a t e r  l i m e  than magnesia. One p h i l i p p i n i t e  
has lime content  i n  excess of 4 wt .  percent.  The j a v a n i t e s  wi th  
64 .5  t o  7 4 . 4  w t .  percent  s i l i ca  are higher  i n  magnesia than l i m e ;  
one group is low i n  magnesia ( 2 . 8 8  t o  3 .79  w t .  percent)  and high 
i n  K 0 ( 2 . 1 7  t o  2.29 w t .  percent ) ,  whereas another group i s  high 
i n  magnesia ( 3 . 6 1  t o  7 . 9 5  wt.  percent)  and low i n  5 0  ( I. 34 t o  
2 .10  w t .  percent) .  Among the  few a u s t r a l i t e s  analyzed ( 6 3 . 0  t o  
7 8 . 0  w t .  percent  silica) one group is low i n  l i m e  and magnesia, 
p a r t i c u l a r l y  magnesia; one group is high i n  l i m e  ( i n  excess of 
4 . 0  w t .  pe rcen t ) ;  and a t h i r d  group, high i n  both magnesia and 
lime. One a u s t r a l i t e  analyzed conta ins  3 .85  wt. percent  N a  0, 
which is  similar t o  the  Ivory Coast t e k t i t e s  bu t  unique f o r  
Aus t r a l a s i an  t e k t i t e s .  The parameter t h a t  varies the  least among 
the  Aus t r a l a s i an  t e k t i t e s  is the  N a  0 - t o - 5 0  r a t i o  ( 0 . 4  t o  0.8). 
The high magnesian Aus t r a l a s i an  t e k t i t e s  are a l s o  charac te r ized  
i n  genera l  by high N i ,  Co, and C r .  
Most of 
2 
2 
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W e  f a i l e d  t o  f i n d  any terrestrial rock t h a t  is similar t o  
those Aus t ra las ian  t e k t i t e s  wi th  high s i l ica ,  low a l k a l i  ( K 2 0  
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g r e a t e r  than N a  0) and magnesia g r e a t e r  than l i m e .  It is incon- 
ce ivable  t h a t  these  t e k t i t e s  could have been der ived from a ter- 
res trial b a s a l t  o r  b a s a l t i c  parentage. 
t i tes wi th  calcium g r e a t e r  than magnesia, however, are similar t o  
a rare type of a l k a l i c a l c i c  g r a n i t e  wi th  low a l k a l i s .  Extensive 
v o l a t i l i z a t i o n  a lone  cannot account f o r  t he  observed chemical 
v a r i a t i o n s ,  p a r t i c u l a r l y  i n  those t h a t  con ta in  e i t h e r  high magnes- 
ia  o r  high l i m e .  Wherever they are o r ig ina t ed ,  these  var ious  
chemical groups represent  a v a r i e t y  of rock types,  i f  no t  varie- 
t ies of two major rock types. 
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Those Australasian tek- 
Control led i n v e s t i g a t i o n  of chemical inhomogeneities of in-  
d i v i d u a l  t e k t i t e s  was c a r r i e d  out  by E. C. T. Chao, George Des- 
borough, and E. J. Dwornik. The inves t iga t ion  employs the  com- 
bined use of i n t e r f e rence  microscopy and e l e c t r o n  microprobe 
ana lys i s .  The method is f a r  supe r io r  t o  any previously t r i e d  
method of s epa ra t ion  and analyzing the  separa ted  por t ions  of an 
ind iv idua  1 t e k t i t e .  
A d e t a i l e d  q u a n t i t a t i v e  survey of the  index of r e f r a c t i o n  of 
any p o i n t  of i n t e r e s t  of a t e k t i t e  wafer can be determined by 
i n t e r f e r e n c e  microscopy. The wafer is c u t  normal t o  the  s c h l i e r e n  
wi th  p lane-para l le  1 pol ished su r f  aces and i t s  thickness  p r e c i s e l y  
measured. Areas of continuous and discont inuous index v a r i a t i o n  
are c l e a r l y  revealed. Areas of con t r a s t ing  index of r e f r a c t i o n  
o r  of maximum d i f f e rence  can by pinpointed f o r  ana lys i s  by the 
e l e c t r o n  probe. 
Low-index g l a s s  inc lus ions  and high index g l a s s  inc lus ions  
have been s tudied  by t h i s  combined method. I n  add i t ion ,  i n v e s t i -  
ga t ion  of t he  heterogeneous chunky Thailand t e k t i t e  known as the  
Muong Nong type shows t h a t  l igh t -co lored  bands conta in ing  abun- 
dant  f ro thy  l e c h a t e l i e r i t e  inc lus ions  are a c t u a l l y  higher  i n  index 
than the  ad jacent  more brownish g l a s s  wi th  fewer inclusions.  I n  
sharp c o n t r a s t  wi th  t h a t  of t he  bulk composition, the  chemical 
v a r i a t i o n s  are complex and cannot be  pred ic ted  on the  b a s i s  of 
t he  index of r e f r ac t ion .  
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Elec t ron  probe a n a l y s i s  of a low-index g l a s s  i n c l u s i o n  (n  = 
1.4994) i n  a Thailand t e k t i t e  imbedded i n  the  mat r ix  g l a s s  on 
e i t h e r  s i d e  ( n  = 1.5090 and n = 1.5059) shows t h a t  i t  is higher  
i n  s i l ica  by 3 . 3  wt .  percent  accompanied by lower A1 0 
i ron ,  MgO, and CaO. 
t o t a l  2 3’  
Elec t ron  probe a n a l y s i s  of several r e c e n t l y  discovered high- 
index g l a s s  inc lus ions  i n  a j a v a n i t e  shows t h a t  t he  high-index 
g l a s s  inc lus ions  are lower i n  si l ica content  than the  matrix g l a s s  
by 2.1 t o  4.0 wt .  percent  and h igher  i n  t o t a l  i r o n  by 2 .1  t o  2.4 
w t .  percent  and higher  i n  MgO by 2.4 t o  2.7 wt .  percent.  One of 
the  inc lus ions  i s  unique i n  t h a t  i t  conta ins  as much as 8.7 wt.  
percent  MgO and 63.3 percent  Si02 and s t i l l  wi th  K20 (1.2 percent)  
g r e a t e r  than N a  0 (0.5 percent)  and high alumina conten t  (11.4 
percent) .  These high-index inc lus ions  con ta in  the  g r e a t e s t  amount 
of MgO and t o t a l  i r o n  among a l l  land t e k t i t e s  inves t iga ted .  Such 
inc lus ions  he lp  t o  br idge  the  gap between chemical composition of  
the  land t e k t i t e s  and the  deep sea mic ro tek t i t e s .  
2 
We be l i eve  t h a t  t he  low-index and the  high-index inc lus ions  
r ep resen t  fused pa ren t  rock types. Such chemical v a r i a t i o n s  re- 
p resen t  a c l e a r - c u t  range of chemical type of  source material. 
Based on t h e i r  mode of occurrence,  we conclude t h a t  these  inclu-  
s ions  are not  r e s u l t s  of change by v o l a t i l i z a t i o n .  We be l i eve  
t h a t  such inc lus ions  are evidence of incorpora t ion  of one rock 
type captured by another  dur ing  the fus ion  and e j e c t i o n  process.  
W e  do no t  b e l i e v e  t h a t  the  inc lus ions  w e r e  fused i n  s i t u .  
The he terogenei ty  represented by l e n t i c u l a r  banding o r  lay- 
e r i n g  is evidence of inhomogeneity i n  the  s t a r t i n g  material. The 
chemical composition of such complex he terogenei ty  cannot be pre-  
d i c t e d  on the  b a s i s  of the  index of r e f r ac t ion .  This f e a t u r e  is 
most pronounced among the  chunky Thailand t e k t i t e s .  
It seems evident  t h a t  con t ro l l ed  i n v e s t i g a t i o n  of t he  chemi- 
cal he te rogenei ty  is a bas i c  requirement f o r  t he  i n t e r p r e t a t i o n  
and understanding of t e k t i t e  genesis.  W e  be l i eve  t h a t  the  d i s -  
covery of high-index inc lus ions  i n  j a v a n i t e s  s t rengthens  the  pre- 
d i c t i o n  t h a t  t he  pa ren t  materials of the  b a s i c  end member of the 
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magnesian c l a n  of Aus t r a l a s i an  t e k t i t e s  are cha rac t e r i zed  by low 
a l k a l i s ,  h igh magnesia and alumina and moderate-to-low silica. 
I f  t e k t i t e s  are of lunar  o r i g i n ,  we should n o t  be su rp r i sed  t o  
f i n d  such materials among the  re turned  lunar  samples. 
p r e d i c t i o n  a p p l i e s  t o  the high-calcium types found i n  Santa  Mesa 
i n  the  Manila area of the  Phi l ipp ines .  Such compositions are n o t  
i ncons i s t en t  wi th  the  a lpha  back-sca t te r ing  d a t a  of Surveyors V, 
V I ,  and V I I .  
The same 
I n v i t e d  con t r ibu t ions  t o  re ference  textbooks were prepared 
by I rv ing  May and F. C u t t i t t a  (1967) and by H. J. Rose and F. 
C u t t i t t a  (1968b). 
Petrology of Meteor i tes  
(Cont rac t  R-66) 
Progress  on s t u d i e s  of the pe t ro logy  of meteor i tes  included 
a n  experimental  s tudy  of mel t ing  r e l a t i o n s  i n  Fe-FeS mixtures and 
t h e o r e t i c a l  examination of a n  Ear th  model i n  which the  core  and 
mantle formed i n  equi l ibr ium,  both of i n d i r e c t  a p p l i c a t i o n  t o  
meteori tes .  Chemical ana lyses  obtained by Surveyors V,  V I ,  and 
V I 1  were compared wi th  ana lyses  of howardite and achondr i te  me- 
t e o r i t e s ,  f o r  which a lunar  o r i g i n  has been proposed. 
ment analyses  of prev ious ly  unstudied achondr i tes  were begun. 
These ana lyses ,  as w e l l  as s ize-frequency s t u d i e s  on b r e c c i a  f r ag -  
ments i n  achondr i tes ,  w i l l  continue.  
Major ele- 
The mel t ing  r e l a t i o n s  of Fe-FeS mixtures  covering the  com- 
p o s i t i o n a l  range Fe S t o  Fe S have been determined a t  30 kb 
p res su re  by Robin Brett and P. M. B e l l  (Geophys. Lab., Carnegie 
Ins t .  of Washington). The phase r e l a t i o n s  e x h i b i t  behavior much 
c l o s e r  t o  i d e a l i t y  than a t  1 a t m .  The e u t e c t i c  c o n s i s t s  of 
S o l u b i l i t y  of S i n  Fe a t  e leva ted  tempera- Fe 
t u r e s  a t  30 kb is of the  same order  of magnitude as a t  1 a t m .  In- 
t e r p o l a t i o n  of t he  1 a t m  and 30 kb l iqu idus  curves gives  va lues  of 
dT - ranging from 2.3" C/kb t o  7.0" C/kb, depending on the  composi- dP 
t ion.  
l i c  cores  of p l ane ta ry  bodies if they con ta in  s u l f u r ,  s i n c e  the 
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a t  990" C. 73.5'26.5 
The s tudy  has bear ing  on the  temperatures wi th in  the  metal- 
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pressure  of s u l f u r  considerably lowers the  melt ing temperature 
wi th  r e spec t  t o  pure iron. 
kb than a t  1 a t m .  
The e f f e c t  is more pronounced a t  30 
Brecciated achondri tes  no t  previously analyzed w i l l  be s tud ied  
during the  next  year.  
analyses  f o r  determinat ion of the  range of composition of pyroxenes 
and p lag ioc lases .  
a t ed  fragments t o  i n v e s t i g a t e  poss ib le  c o r r e l a t i o n s  wi th  s i z e - f r e -  
quency d i s t r i b u t i o n s  of fragments i n  blocks photographed by Sur- 
veyor t e l ev i s ion .  
The s tudy w i l l  include e l e c t r o n  microprobd 
Size-frequency s t u d i e s  w i l l  be made of brecc i -  
Robin Brett f inds  t h a t  i f  c e r t a i n  assumptions are granted,  
t he  core  of a chondr i t i c  Ear th  model should conta in  Fe wi th  S i  
(10-25 w t  percent)  , a l i t t l e  N i  (no g r e a t e r  than 5 w t  percent)  , 
and about 1 w t  percent  of C r  and Mn. 
lows: 
Fe +(Mg/Si) f o r  the  Earth as a whole i s  g r e a t e r  than o r  equal  t o  
1.65. 
The assumptions are as f o l -  
Fe +(Mg/Si) i n  the  Ea r th ' s  mantle i s  g r e a t e r  than un i ty ,  and 
A. E. Ringwood and o the r s  have proposed t h a t  the  core  has 
never been i n  chemical equi l ibr ium with the  mantle. 
t h a t  the  arguments on which t h i s  conclusion is  based are inco r rec t  
o r  need not  necessa r i ly  apply. 
sketchy as they are, support  an Earth model i n  which the  co re  formed 
i n  chemical equi l ibr ium with the mantle,  and maintained t h i s  equi- 
1 i b  r ium. 
Brett f inds  
The d a t a  p re sen t ly  a v a i l a b l e ,  
M. B. Duke compared the  chemical ana lyses  obtained by Survey- 
o r s  V,  V I ,  and V I 1  with d a t a  f o r  e u c r i t e  and howardite achondri te  
meteor i tes ,  f o r  which he has proposed a lunar  or ig in ;  Data 
co l l ec t ed  from mare sites by Surveyors V and V I  c lo se ly  resemble 
e u c r i t e s  i n  composition, c o n s i s t e n t  wi th  the  proposed model i n  
which eucrites are derived from the  maria. The Surveyor V I 1  
a n a l y s i s ,  of an  a t y p i c a l  upland region,  does no t  match w e l l  wi th  
the  composition of the  howardites,  considered by the model t o  re- 
present  fragmental  aggregates  of  upland rocks. However, the  Sur-  
veyor V I 1  ana lys i s  i s  c o n s i s t e n t  with the  composition of rocks 
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t h a t  can be in fe r r ed  t o  be c o n s t i t u e n t s  of the  howardites. More 
accu ra t e  e lemental  de te rmina t ions ,  e s p e c i a l l y  the  sodium contents  
of the  Surveyor ana lyses ,  are requi red  before  a wide v a r i e t y  of 
proposed analogs,  including t h e  me teo r i t e s ,  can be f u r t h e r  re- 
duced. 
M. B. Duke planned and monitored the  e a r l y  s t ages  of construc-  
t i o n  of an  u l t r a c l e a n  labora tory  f a c i l i t y  i n  Washington, D.C. The 
labora tory ,  which is  of the  laminar-flow type,  w i l l  provide dus t -  
f r e e  temperature- and humidi ty-control led work areas f o r  sample 
p repa ra t ion ,  chemical a n a l y s i s ,  phys i ca l  p roper ty  determinat ion,  
and o p t i c a l  microscopy. 
absent  i n  the  labora tory ,  which w i l l  be pressur ized  wi th  r e spec t  
t o  the ou t s ide  environment; s p e c i f i c a t i o n s  r e q u i r e  the  p a r t i c l e  
count t o  be less than 100 per  cubic  f o o t  ( p a r t i c l e s  g r e a t e r  than 
0.3 microns),  compared wi th  tens  of mi l l i ons  p e r  cubic  f o o t  i n  
ord inary  air. 
duce contamination from body and c lo thes .  
provide an i d e a l  f a c i l i t y  f o r  Duke's proposed a n a l y s i s  of re turned  
lunar  p a r t i c u l a t e  material. 
Atmospheric d u s t  w i l l  be almost e n t i r e l y  
Personnel e n t r y  w i l l  be c o n t r o l l e d ,  i n  order  t o  re- 
The labora tory  w i l l  
Cosmic Dust 
(Cont rac t  R-66) 
I n  c o n t r a c t  year  1968 cosmic d u s t  s t u d i e s  concentrated on 
examination of atmospheric c o l l e c t i o n s  of p a r t i c u l a t e  d e b r i s  be- 
l i eved  t o  have been der ived  from the  Revelstoke f i r e b a l l  of March 
31, 1965. The d e b r i s  examined w a s  co l l ec t ed  on a i rborne  f i l t e r s  
flown approximately 3 days a f t e r  the event  a t  a cons iderable  d i s -  
tance downwind from the pa th  of  the  f i r e b a l l .  
an  unusual assemblage of p a r t i c u l a t e  materials , q u i t e  d i s t i n c t  from 
c o l l e c t i o n s  made under normal condi t ions.  
anomalous c h a r a c t e r i s t i c  is the  l a rge  concent ra t ion  of magnetic 
spheru les ,  e s p e c i a l l y  those less than 10 P i n  diameter.  X-ray 
and microprobe a n a l y s i s  showed t h a t  t he  spheru les  c o n s i s t  of a 
very  Pure magnetite. 
spherules .  
The f i . l t e r s  contained 
The most obviously 
A l s o  presen t  i n  comparable numbers are g l a s s  
They are composed l a r g e l y  of s i l i c o n  and aluminum 
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with  lesser amounts of i r o n  and potassium and trace amounts of 
nickel .  I n  a d d i t i o n  t o  the  spheru les  are many i r r e g u l a r l y  shaped 
p a r t i c l e s ,  most ly  opaque and e i t h e r  g l a s sy  o r  microcrys ta l l ine .  
Approximately 20 percent  of t he  opaque p a r t i c l e s  analyzed by the  
microprobe conta ins  more than 10 percent  n icke l .  I n  some, n i c k e l  
w a s  t h e  only element de t ec t ed ;  i n  o t h e r s ,  only n i c k e l  and s u l f u r  
were de tec ted  o r  the p a r t i c l e  appeared t o  be a mixture of n i c k e l  
and s i l icate  materials. Most of the p a r t i c l e s  are i n  the  10 t o  
20 c1 s i z e  range, making X-ray a n a l y s i s  marginal. P a t t e r n s  have 
been obtained f o r  some of the  p a r t i c l e s ,  b u t  these  have eluded 
in t e rp re t a t ion .  
Revelstoke is a carbonaceous chondri te .  The composition of  
t he  p a r t i c l e s  i s  d i f f i c u l t  t o  r econc i l e  wi th  t h i s  type of meteori te .  
Revelstoke conta ins  only minor amounts of n i c k e l  and aluminum, b u t  
the  g l a s s  spheru les  are r i c h  i n  aluminum and many of the  i r r e g u l a r  
p a r t i c l e s  are r i c h  i n  n icke l .  The p e c u l i a r  chemistry of the  p a r t i -  
cles may r e s u l t  from selective a b l a t i o n  of d i f f e r e n t  components 
of the me teo r i t e  during passage through the  atmosphere. 
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PART D, SPACE FLIGHT INVESTIGATIONS , 
Surveyor Telev is ion  Inves t iga t ions  
(Cont rac t  WO-3027, terminated June 30, 1968) 
The success fu l  s q f t  landing of Surveyor V I 1  January 10, 1968 
on the  r i m  of the  crater Tycho i n  the southern  highlands of the  
Moon brought t o  conclusion the  h ighly  success fu l  Surveyor p ro jec t .  
Five Surveyor spacec ra f t  sof t - landed  on the  Moon between June 1966 
and January 1968 and re turned  over 87,000 p i c t u r e s  from the  lunar  
surface.  The fol lowing is  a summary of t he  prel iminary r e s u l t s  
obtained from an  a n a l y s i s  of these  p i c t u r e s  by members of the  
Surveyor Telev is ion  Inves t iga to r  Team of the  U. S. Geological Sur- 
vey. 
A t  each of the Surveyor landing s i tes ,  the  su r face  is  covered 
by a l aye r  of fragmental  d e b r i s ,  which is l i t t e r e d  wi th  a v a r i e t y  
of rock fragments. Some fragments l i e  on the  sur face ,  and o t h e r s  
are p a r t l y  embedded t o  var ious  depths i n  a f i n e r  grained material. 
The fragments are s c a t t e r e d  somewhat i r r e g u l a r l y ,  and i n  most 
p laces  spa r se ly ,  b u t  strewn f i e l d s  of blocks are found around some 
of the l a r g e r  craters. The Surveyor V I 1  landing s i te  has the  la rg-  
es t  number and v a r i e t y  of rock fragments,  whereas the Surveyor V 
and V I  s i tes have the fewest reso lvable  rock fragments. Most of  
the  reso lvable  fragments on the su r face  are s i g n i f i c a n t l y  b r igh t -  
e r ,  under a l l  observed angles  of i l lumina t ion ,  than the  unresolved 
f ine-gra ined  matrix.  Most of the fragments appear t o  be dense,  
coherent  rock,  while  some appear less dense and porous. Most 
fragments are r e l a t i v e l y  angular  , but  some well-rounded fragments 
are a l s o  p re sen t  and most of these  appear t o  be f a i r l y  deeply em- 
bedded i n  the  lunar  su r face  material. On the  whole, most fragments 
tend t o  be equant i n  shape, b u t  some are d i s t i n c t l y  t abu la r  and a 
few have the  form of sharp,  narrow wedges, some of which pro t rude  
from the  su r face  l i k e  a spike.  
Many blocks a t  the  Surveyor V I 1  s i te ,  and a few a t  the  Sur- 
veyor I s i te ,  are d i s t i n c t l y  vesicular. Spot ted rocks,  f i r s t  ob- 
served a t  the  Surveyor I s i te  and a l s o  seen  a t  the  Surveyor V s i te ,  
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are common near  Surveyor V I I .  
have i n d i s t i n c t  boundaries and va ry  i n  s i z e  from a few m i l l i m e t e r s  
t o  several cent imeters  across .  
s l i g h t  bumps, o r  p ro t rus ions ,  on the  s u r f a c e  of t he  fragment, sug- 
ges t ing  t h a t  t h i s  material is more r e s i s t a n t  t o  lunar  e r o s i o n a l  
processes.  
L ight  spo t s  on these  rocks gene ra l ly  
The l i g h t e r  material commonly forms 
A knobby, p i t t e d  su r face  is the  most common su r face  t ex tu re  
developed on the  b r i g h t ,  coarse ,  rounded rock fragments. The p i t -  
ted t ex tu re  probably is produced by the  same process  t h a t  rounds 
o f f  the edges of the fragmental  material--impact of small p a r t i c l e s .  
Fur ther  evidence t h a t  the  su r faces  of the  rocky fragments have been 
eroded by abras ion  w a s  found on one of the  rocks overturned by the  
Surveyor V I 1  su r f ace  sampler. This  rock w a s  rounded on the  exposed 
s i d e  and angular  underneath. 
Some coarse  fragments on the  lunar  su r face  are c l e a r l y  aggre- 
Some aggregates  are compact and angu- ga t e s  of smaller p a r t i c l e s .  
lar ,  whereas o t h e r s  appear t o  be porous and probably are only weak- 
l y  compacted. 
Between 4 and 18 percent  of t he  lunar  su r face  i s  covered by 
fragments l a rge  enough t o  be resolved by Surveyor t e l e v i s i o n  cam- 
eras ( l a r g e r  than 1 mm). The s ize-frequency d i s t r i b u t i o n  of re- 
so lvable  fragmental  d e b r i s  a t  each Surveyor landing s i te  can be 
represented  by a simple power funct ion.  A t  the  mare s i tes ,  the 
exponent of the  s i ze -d i s  t r i b u t i o n  func t ion  is uniformly less than 
-2; whereas a t  the  Surveyor V I 1  s i te ,  on the  r i m  f l ank  of Tycho, 
the  exponent is -1.8. Fragments coarser  than 10 c m  are 5 t o  10 
t i m e s  more abundant on the r i m  of Tycho than on the  maria. 
Small craters account f o r  the  i r r e g u l a r i t i e s  of l a r g e s t  re- 
l ief  on the su r faces  a t  the  mare landing sites. 
craters a t  each of the  landing si tes have a cup shape wi th  w a l l s  
and f l o o r s  concave upward; most have low, subdued r i m s ,  b u t  some 
are nea r ly  rimless. Crater chains  and dimple-shaped craters lack- 
ing  r a i s e d  r i m s  are common a t  the  Surveyor V s i te  and were ob- 
served a t  the  Surveyor I11 site. 
Most of t he  s m a l l  
They are in fe r r ed  t o  have been 
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formed by drainage of the  s u r f i c i a l  f ragmental  deb r i s  i n t o  subsur- 
f a c e  f i s s u r e s .  Most of t h e  cup-shaped craters are probably of i m -  
p a c t  o r ig in .  
Many i r r e g u l a r  craters, ranging i n  s i z e  from a f e w  cent imeters  
t o  several meters i n  diameter and l i ned  wi th  c lods  of f ine-gra ined  
material, were observed a t  a l l  landing sites. These are i n f e r r e d  
t o  be secondary impact craters formed by cohesive blocks o r  c lods 
of weakly cohesive,  f ine-gra ined  material e j e c t e d  from nearby p r i  - 
mary craters. 
The cumulative s i z e  d i s t r i b u t i o n  of small craters a f e w  c e n t i -  
meters t o  several tens  of meters i n  diameter is c o n s i s t e n t  wi th  a 
power l a w  having an exponent of -2. This corresponds t o  t h a t  ex- 
pected f o r  a s t eady- s t a t e  populat ion of craters produced by pro- 
longed, r e p e t i t i v e  bombardment by meteoroids and by secondary f rag-  
ments from the Moon. There are fewer c r a t e r s  l a r g e r  than 8 m i n  
diameter a t  the  Surveyor V I 1  s i t e  than a t  the  mare landing s i tes ,  
which ind ica t e s  t h a t  the Tycho r i m  material on which Surveyor V I 1  
landed is  r e l a t i v e l y  young. 
Where the f ine-grained mat r ix  of the su r face  material w a s  com- 
pressed and smoothed by the Surveyor footpads o r  the su r face  sam- 
p l e r ,  the  photometric p r o p e r t i e s  were changed. The photometric 
func t ion  of t he  smoothed su r faces  is more l i k e  t h a t  of a Lambertian 
scatterer than the  undis turbed,  f ine-grained lunar  material. This 
i nd ica t e s  t h a t  the  pore spaces of the f ine-grained material tend 
t o  be f i l l e d  i n  by compression aga ins t  smooth sur faces  on p a r t s  of 
the spacecraf t .  
The average thickness  of  the lunar  r e g o l i t h ,  o r  d e b r i s  l aye r ,  
w a s  determined f o r  each of the  mare landing sites from the  depth 
of the  smallest craters wi th  blocky r i m s .  The t h i c k e s t  r e g o l i t h  
(10 t o  20 m) w a s  found a t  the  Surveyor V I  site. Near Surveyor I 
the  r e g o l i t h  i s  1 t o  2 m t h i c k ,  and a t  the Surveyor V s i t e  i t  is  
leas than 5 m thick.  Surveyor I11 landed i n s i d e  a subdued 200-m- 
diameter crater. The thickness  of the r e g o l i t h  ranges from about 
1 t o  2 m on the  r i m  of t h i s  crater t o  perhaps 10 m o r  more a t  the  
crater center .  
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Televis ion  observat ions wi th  co lo r  f i l t e r s  i n d i c a t e  t h a t  the  
lunar  su r face  i s  gray,  even i n  Histurbed areas. Color d i f f e rences  
were no t  observed among any of the  coarse  blocks so  f a r  examined, 
which are a l l  gray  b u t  l i g h t e r  than the  f ine-gra ined  gray matrix 
of the surface.  Photometric measurements made a t  each Surveyor 
landing s i t e  on the  lunar  mare show t h a t  t he  normal luminance fac-  
t o r  (normal albedo) ranges from 7.3 t o  8.2 percent  on undis turbed 
su r faces  and from 5.5 t o  6 .1  percent  on su r faces  d is turbed  by the  
footpads and by the  su r face  sampler. The normal luminance f a c t o r  
f o r  the f ine-gra ined ,  undis turbed and d i s tu rbed  material a t  the 
Surveyor V I 1  s i t e  is  higher  than t h a t  of the  f ine-grained su r face  
material on the  maria. The luminance f a c t o r  f o r  the rock fragments 
ranges from 14 t o  22 percent  both on the maria and on the  r i m  f l a n k  
of Tycho. Light  s c a t t e r e d  from the su r faces  of some rock fragments 
a t  the Surveyor V I 1  s i t e  is as much as 30 percent  po la r i zed  a t  
phase angles  near  120". This suggests  t h a t  these  rocks are c r y s t a l -  
l i n e  o r  g l a s sy ,  and t h a t  t h e i r  su r f aces  are r e l a t i v e l y  f r e e  of f i n e  
p a r t  i c  les . 
Observations of the f ine-gra ined  p a r t s  of the  lunar  su r face  d i s -  
turbed by the landing and l i f t o f f  of the Surveyor V I  spacec ra f t ,  
and by r o l l i n g  fragments set  i n  motion by the  spacec ra f t ,  have shown 
t h a t  lunar  material exposed a t  depths no g r e a t e r  than a f e w  m i l l i -  
meters has a s i g n i f i c a n t l y  lower normal luminance f a c t o r  than the  
undis turbed sur face .  A similar, abrupt  decrease i n  normal luminance 
f a c t o r  a t  depths of 3 mm o r  less was  observed a t  the Surveyor I11 
and V landing sites. The occurrence of t h i s  r a t h e r  sharp con tac t  
of material wi th  c o n t r a s t i n g  o p t i c a l  p r o p e r t i e s  a t  widely separa ted  
l o c a l i t i e s  on the Moon suggests  t h a t  some process ,  o r  combination 
of processes ,  b r igh tens  the  material a t  the  lunar  sur face .  If t h i s  
i s  t r u e ,  a complementary process  of darkening may occur a t  depths  
of a f e w  m i l l i m e t e r s  o r  more, so t h a t  t he  abrupt  albedo con tac t  i s  
no t  destroyed as a r e s u l t  of r e p e t i t i v e  turnover  of the lunar  sur -  
f ace by s o  1 id-par t i c  l e  bombardment, 
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Topographic and p l an ime t r i c  maps a t  several scales have been 
made of each of the landing sites from the  Surveyor p i c tu re s .  
Photography from Manned Moon-orbiting Spacecraf t  
(Cont rac t  T-663536) 
Harold Masursky and D. E. Wilhelms, a long wi th  James H. Sasser  
of the  Manned Spacecraf t  Center ,  Douglas D. Lloyd of Bellcomm, and 
Hellmut H. Schmid of the U.S .  Coast and Geodetic Survey, prepared 
a proposal  f o r  a photographic experiment on manned missions o r b i t -  
i ng  the  Moon i n  a Command and Serv ice  Module dur ing  Apollo missions. 
Prel iminary s e l e c t i o n  of si tes f o r  the Apollo 8 mission w a s  begun 
during the  c o n t r a c t  year.  
Mars 
(Contract  W-12,650, FY 68 only) 
A proposal  f o r  an inves t iga t ion  of the  r eg iona l  geology of 
Mars as p a r t  of the  t e l e v i s i o n  experiment on the  1971Mariner  m i s -  
s i o n  was prepared and submitted i n  June 1968. A team of seven co- 
inves t iga to r s  wi th  Harold Masursky as p r i n c i p a l  i n v e s t i g a t o r  w a s  
appointed by NASA i n  October. M. H. Carr, J. F. McCauley, D. E. 
Wilhelms, D. J. Mil ton,  R. L. Wildey, W. T. Borgeson, and R. M. 
Batson are the  co inves t iga to r s .  Formal p a r t i c i p a t i o n  i n  the  
Mariner program began wi th  assignment of i nves t iga to r s  t o  seven 
d i s c i p  l i ne -o r  ien ted  teams c o l l e c t i v e l y  respons i b  l e  f o r  conduct of 
the  t e l e v i s i o n  experiment. 
A s tudy of the  Mariner I V  Mars d a t a  w a s  conducted by J. F. 
McCauley. It includes a comparison between c e r t a i n  types of Mars 
f e a t u r e s  and in fe r r ed  lunar  analogs which may a i d  i n  the  i n t e r p r e t a -  
t i o n  of f u t u r e  low-resolut ion p i c t u r e s  of Mars. A r e p o r t  is cur-  
r e n t l y  being prepared and w i l l  be submitted f o r  pub l i ca t ion  i n  the  
sp r ing  of 1969. 
Proposals ,  s o l i c i t e d  by NASA f o r  p a r t i c i p a n t s  on the team f o r  
the  development of s c i e n t i f i c  instruments t o  be c a r r i e d  on the  
Mars 1973 lander  mission w e r e  provided by Harold Masursky, E. C. 
Morr is ,  H. E. Hol t ,  H. J. Moore, R. M. Batson, and J. D. Alderman. 
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J u p i t e r  
( C ~ r i f f t a E t  W- 12,650) 
A proposal ,  s o l i c i t e d  by NASA, f o r  a spin-scan imaging experi-  
ment on the  P ionee r l Jup i t e r  mission i n  1972 was  submitted by R. L. 
Wildey, D. N. Tompkins, H. 5. Moore, and S. S. C. Wu. Large dynam- 
i c  response is i n  var ious s p e c t r a l  zones and, wi th  polar izers ,  al lows 
f o r  e i g h t  frames of a l l  s i d e s  of the Jovian disk.  The instrument 
acts as i t s  own horizon sensor  bu t  a l s o  may be coupled t o  o the r  
instruments f o r  t h i s  purpose. 
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